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-), commonly found as a salt, is naturally occurring in nature and is 
found in natural nitrate deposits (such as the Chilean nitrate). Perchlorate anion is considered an 
inhibitor of iodine by the thyroid gland, reducing the production of thyroid hormones. The latest 
action by the USEPA was to not determine a national drinking water standard for perchlorate. 
However, the states still have their own regulations on perchlorate concentration in drinking 
water. Contaminated sites with high concentrations of perchlorate (ppm levels) are associated 
with historic perchlorate manufacture and use, while those with low concentrations (ppb levels) 
are found in areas where perchlorate was used to manufacture rockets and ammunition. Many 
technologies are capable of treating perchlorate in contaminated waters, however, biological 
reduction is the most cost-effective.  
This thesis focus on the determination of the potential use of in-situ bioremediation for 
remediation of groundwater contaminated with competing electron-accepting anionic 
compounds. The specific objectives of this thesis were to evaluate the effectiveness of the use of 
molasses as electron donor/carbon source for the removal of contaminants of concern (COCs), 
determine the removal efficiency of COCs under different groundwater dilutions, examine the 
impact of contact time in the contaminants’ degradation, evaluate if effluent chloride 
concentrations reflect the amount of chlorate and perchlorate degraded within the columns and 
investigate the microbial ecology developed within the packed-bed reactor.  
Four packed-bed reactors, four-foot-tall and two-inches diameter each, were built using 
transparent Plexiglas. A mixture of 60% sand and 40% soil was used as a media for the 
bioreactors. Two bioreactors used soil from a deep horizon (95’-105’), while the other two 




with diluted groundwater (1:4) and further on undiluted contaminated groundwater was applied. 
In addition, the solution was amended with molasses as the carbon source, Urea/diammonium 
phosphate, sodium bicarbonate, and vitamin B-12. Effluent samples were collected three times a 
week and analyzed for the contaminants of concern.  
The results of groundwater and soil analyses revealed that the contaminated site has very 
high concentrations of Cr(VI), nitrate, chlorate, and perchlorate; the highest concentrations 
reported to date for a perchlorate contaminated site. The groundwater and soil analyses showed 
that the highest contamination was from chlorate, followed by perchlorate, nitrate, and Cr(VI).  
It was found that TOC concentrations are directly proportional to the amount of molasses 
added, due to the higher consumption by the bacteria to degrade the contaminants and the higher 
abiotic reduction of chromium. Therefore, the bacteria present are able to use molasses as a 
carbon and energy source. Excellent degradation of Cr(VI) was observed during the column 
testing. Even in the presence of high total dissolved solids (TDS), Cr(VI) was fully reduced in 
the effluent. This achievement is highly due to the combination of abiotic and biotic reduction. 
Also, the degradation of Cr(V) was found to be very feasible with the use of molasses. 
Denitrification was found to be a carbon limited process and be negatively impacted by the 
presence of high TDS. The results also showed that effluent chlorate concentration in the 
columns is a function of the initial influent concentration, the retention time within the column, 
the presence of sufficient electron donor/carbon source, plus the competition of nitrate and 
chromium which degraded first. Perchlorate degradation in the bioreactor studies occurred 
simultaneously with Cr(VI), nitrate, and chlorate degradation. Overall, the main factors that 
impacted perchlorate reduction was TDS concentrations, EBCT, carbon availability, and 





I would like to thank my advisor Dr. Jacimaria Batista for giving me the opportunity of 
being a Master’s student and aiding me to pursue a higher education. I am very grateful for all 
her guidance and dedication during my journey, always challenging me to be better. Also, all my 
gratitude for my Brazilian advisor, Dr. Ernane José Xavier Costa, for the opportunities that led 
me to UNLV.  
I would like to thank my committee members, Dr. Eakalak Khan, Dr. Erica Marti, and 
Dr. Michael Nicholl, for contributing and supporting me while writing this thesis. I would also 
like to thank UNLV and the Department of Civil and Environmental Engineering for all the 
support. 
I would like to thank the friends I made during my Master’s degree for making this 
journey lighter and funnier. I am also very grateful for all the help I had from the undergraduate 
students and UNLV staff during my project.  
To my parents and family, I would not be here if it was not for your encouragement and 
support during the though moments. To my Brazilian friends, thank you for listening all my 
stories and encouraging me to keep strong in my journey. Last but not least, I would like to thank 










Table of Contents 
Abstract  ......................................................................................................... iii 
Acknowledgements .................................................................................................... v 
List of Tables  ......................................................................................................... ix 
List of Figures  ......................................................................................................... xi 
Chapter 1 Introduction ....................................................................................... 1 
1.1 Background .................................................................................................................. 1 
1.2 Research Objectives ..................................................................................................... 5 
1.3 Research Questions and Hypotheses ........................................................................... 6 
Chapter 2 State of Knowledge .........................................................................12 
2.1 Perchlorate and Co-Contaminants: Occurrence, Source, and Health Concerns ........ 12 
2.1.1 Perchlorate ................................................................................................................. 12 
2.1.2 Chlorate ...................................................................................................................... 15 
2.1.3 Nitrate ........................................................................................................................ 17 
2.1.4 Hexavalent Chromium ............................................................................................... 18 
2.2 Biological Reduction of Contaminants of Interest .................................................... 19 
2.2.1 Microbial Metabolism ............................................................................................... 19 
2.2.2 Biological (Per)chlorate Reduction ........................................................................... 21 
2.2.3 Biological Denitrification .......................................................................................... 28 
2.2.4 Biological Hexavalent Chromium Reduction ............................................................ 33 
2.3 Electron Donors for Perchlorate and Co-Contaminants Remediation ....................... 36 
2.4 Impact of Nutrients, Temperature, and pH in Perchlorate Reduction ....................... 46 
2.5 Impact of Co-contaminants in Perchlorate Reduction ............................................... 46 
2.6 Impact of High Salinity in (Per)chlorate Reduction .................................................. 49 
Chapter 3 Methodology of Soil and Groundwater Analysis ...........................51 
3.1 Soil Characterization ................................................................................................. 51 
3.1.1 Soil Preparation ......................................................................................................... 51 
3.1.2 Soil Moisture Analyses .............................................................................................. 53 
3.1.3 Soil Extraction ........................................................................................................... 56 
3.1.4 X-Ray Diffraction Soil Analysis ............................................................................... 58 
3.2 Groundwater Analyses ............................................................................................... 58 
3.3 Bench-Scale Packed Bioreactor Set-Up .................................................................... 59 




3.4 Influent Feed Characterization .................................................................................. 65 
3.5 Effluent Collection and Analyses .............................................................................. 68 
3.5.1 Empty Bed Contact Time .......................................................................................... 69 
3.5.2 Chloride Generation Computations ........................................................................... 70 
3.6 Post Experiment Soil Analyses .................................................................................. 72 
3.6.1 Post-Experiment Soil Extrusion ................................................................................ 72 
3.6.2 Post-Experiment Soil Extraction ............................................................................... 76 
3.6.3 Post-Experiment Microbial Analyses ........................................................................ 78 
3.7 Quality Assurance and Quality Control ..................................................................... 79 
3.7.1 Influent Solution ........................................................................................................ 79 
3.7.2 Effluent Sample ......................................................................................................... 80 
3.7.3 Analytical Testing ...................................................................................................... 80 
3.7.4 Staff Safety and Waste Disposal ................................................................................ 81 
3.7.5 Data Quality Control .................................................................................................. 82 
Chapter 4 Results and Discussion of Soil and Groundwater ..........................83 
4.1 Groundwater Analyses of Well 05D, Well 01I, and Well 02I ................................... 83 
4.2 Characterization of Column Feed Solutions .............................................................. 87 
4.3 Pre-Test Soil Characterization ................................................................................... 90 
4.3.1 Analyses of Soil Moisture ......................................................................................... 90 
4.3.2 Pre-Test Soil Extraction by Rinsing with Ultrapure Water ....................................... 92 
4.3.3 X-Ray Diffraction Soil Analysis ............................................................................... 95 
Chapter 5 Results and Discussion of Biodegradation Test .............................96 
5.1 Column Operation Flowrates and Empty Bed Contact Times .................................. 96 
5.2 Biodegradation of Major Contaminants of Concern in the Columns ...................... 105 
5.2.1 TOC Concentration in Columns .............................................................................. 105 
5.2.2 Hexavalent Chromium Biodegradation in Columns ................................................ 110 
5.2.3 Nitrate Biodegradation in Columns ......................................................................... 114 
5.2.4 Chlorate Biodegradation in Columns ...................................................................... 118 
5.2.5 Perchlorate Biodegradation in Columns .................................................................. 123 
5.3 Monitoring of Other Parameters of Interest ............................................................. 129 
5.3.1 Ammonia Monitoring in Columns ........................................................................... 129 
5.3.2 Phosphate (as P) Monitoring in Columns ................................................................ 133 
5.3.3 Chemical Oxygen Demand Monitoring in Columns ............................................... 137 
5.4 Additional Water Quality Parameters of Interest .................................................... 142 
5.4.1 pH Monitoring in Columns ...................................................................................... 142 
5.4.2 Total Dissolved Solids Monitoring in Columns ...................................................... 145 
5.4.3 Chloride Monitoring in Columns ............................................................................. 149 




5.5 Packed-Bed Bioreactor Content Evaluation Post-Biodegradation .......................... 160 
5.5.1 Analyses of Moisture in Packed-Bed Reactors after Biodegradation ..................... 160 
5.5.2 Extraction of Contaminants from Columns by Rinsing with Ultrapure Water ....... 161 
5.5.3 Chemical Analyses Evaluation in Soil Extracts ...................................................... 164 
Chapter 6 Microbiological Investigations .....................................................166 
6.1 Major Findings for Bacterial Analyses in Soil Extracts from Bioreactors .............. 166 
6.2 Gene Analysis for Perchlorate and Nitrate Degrading Bacteria in Soil Extracts from 
the Bioreactors ......................................................................................................... 172 
6.3 Comparison of Major Phyla and Genera Found in Mixed Soil from the Site Before 
and After Biodegradation Took Place ..................................................................... 174 
6.4 Comparison of Major Genera Found in Microcosm Experiment and in the Bioreactor 
Soils after Biodegradation Took Place .................................................................... 176 
6.5 Major Genera Characterization ................................................................................ 179 
Chapter 7 Conclusions, Implications, and Future Work ...............................186 
7.1 Major Findings......................................................................................................... 186 
7.2 Implication of Bench-Scale Results to Field Applications ...................................... 191 
7.3 Future Work ............................................................................................................. 195 
Appendix A: Raw Data for Biodegradation Columns Effluent .............................197 
Appendix B: Calculations of Expected Chloride Concentrations .........................429 
Appendix C: Groundwater Analyses Results ........................................................523 
Appendix D: Feed Solutions Characterization ......................................................535 
Appendix E: Chemical Compounds Evaluation in Columns Effluent ..................580 
Appendix F: Soil and Columns Content Moisture and Extraction ........................783 
Appendix G: Functional Genes Analyses Report from Microbial Insights ..........858 
References  .......................................................................................................859 






List of Tables 
Table 2.1 - Free energy scale for oxidation/reaction equation pairs. ............................................ 20 
Table 2.2 - Perchlorate reduction rate from different studies using different electron donors. .... 26 
Table 2.3 – Nitrate reduction rate from different studies using different electron donors. .......... 32 
Table 2.4 – Hexavalent chromium reduction rate from different studies using different electron 
donors. ............................................................................................................................ 35 
Table 2.5 – Organic electron donor categories employed in bioremediation. .............................. 37 
Table 2.6 – Comparison of different organic electron donors for perchlorate reduction. ............ 44 
Table 3.1 - Borehole number, depth, and date of collected soil samples. .................................... 52 
Table 3.2 - Weighed soil mass used for soil moisture content analysis for each type of soil. ..... 54 
Table 3.3 - Weighed soil mass used for soil moisture content analysis for each column post-test.
 ........................................................................................................................................ 56 
Table 3.4 - Weighed soil mass used for soil extraction analysis for each type of soil tested. ...... 57 
Table 3.5 - Analytical methods used by laboratories in contaminant quantification. ................... 59 
Table 3.6 - Concentrations of amendments and their specifications used to prepare feed solution.
 ........................................................................................................................................ 66 
Table 3.7 - Feed solution composition over time for Columns A and B. ..................................... 66 
Table 3.8 - Feed composition over time for Columns C and D. ................................................... 67 
Table 3.9 - Frequency of analyses performed for each contaminant in collected effluent samples.
 ........................................................................................................................................ 68 
Table 3.10 - Parameters for the compacted soil volume calculation. ........................................... 69 
Table 3.11 - Weighed soil mass and DI water volume used for soil extraction for each column’s 
tested soil. ....................................................................................................................... 78 
Table 4.1 - Comparison of the concentration of contaminants present in different groundwaters.
 ........................................................................................................................................ 86 
Table 4.2 – Soil moisture content with depth for different boreholes. ......................................... 91 
Table 4.3 - Comparison of soil moisture obtained in this study and by Martin (2020). ............... 92 
Table 4.4 - Comparison of Well M-251 and Well M-253 results of X-Ray diffraction analyses. 95 
Table 5.1 - Empty bed contact times (EBCTs) and flowrates during various periods of column 
operation. ........................................................................................................................ 98 
Table 5.2 – Computation of expected chloride concentrations for several groundwater wells. . 151 
Table 5.3 - Soil moisture content results for all four soil samples used during the experiment. 160 
Table 6.1 - Phyla of bacteria identified in mixed soil from Columns A and B. ......................... 170 




Table 6.3 - Functional bacteria genes for soil samples. .............................................................. 173 
Table 6.4 - Phyla of bacteria identified in blended and column soils after biodegradation. ...... 175 
Table 6.5 - Major genera found in blended soils and biodegradation columns extract. ............. 176 
Table 6.6 – Major genera of bacteria identified in sludge sample and column soils after 
biodegradation. ............................................................................................................. 178 
Table A.1 – Raw data for Column A ...........................................................................................197 
Table A.2 – Raw data for Column B ...........................................................................................247 
Table A.3 – Raw data for Column C ...........................................................................................301 
Table A.4 – Raw data for Column D ...........................................................................................365 
Table B.1 – Expected chloride concentrations for Column A .....................................................429 
Table B.2 – Expected chloride concentrations for Column B .....................................................451 
Table B.3 – Expected chloride concentrations for Column C .....................................................475 
Table B.4 – Expected chloride concentrations for Column D .....................................................499 
Table C.1 – Raw groundwater Well 05D results  ........................................................................523 
Table C.2 – Raw groundwater Well 01I results  ..........................................................................526 
Table C.3 – Raw groundwater Well 02I results  ..........................................................................529 
Table C.4 – Raw groundwater Well 251 results  .........................................................................532 
Table C.5 – Raw groundwater Well 01D results  ........................................................................533 
Table D.1 – Diluted and undiluted feed solution 05D analyses results  ......................................535 
Table D.2 – Diluted and undiluted feed solution 01I analyses results  ........................................559 
Table D.3 – Diluted feed solution 02I analyses results  ..............................................................575 
Table E.1 – Chemicals concentration in effluent from Column A  .............................................580 
Table E.2 – Chemicals concentration in effluent from Column B ..............................................645 
Table E.3 – Chemicals concentration in effluent from Column C ..............................................675 
Table E.4 – Chemicals concentration in effluent from Column D  .............................................720 
Table F.1 – Soil moisture pre-test  ...............................................................................................783 
Table F.2 – Soil extraction pre-test  .............................................................................................788 
Table F.3 – Column content moisture and extraction post test....................................................802 





List of Figures 
Figure 2.1 - (Per)chlorate reduction pathway and respective enzymes (Adapted from Youngblut 
et al., 2016). .................................................................................................................... 23 
Figure 2.2 - Denitrification pathway and correspondent enzymes and genes(Adapted from 
Thomson et al., 2012). .................................................................................................... 29 
Figure 3.1 - Column support bed layers order. ............................................................................. 60 
Figure 3.2 - Picture of base layers packed inside the column. ...................................................... 61 
Figure 3.3 – Schematic of column set-up design in operation mode. ........................................... 62 
Figure 3.4 – Experimental setup, including 4 columns to test the potential biological reduction of 
the contaminants. ............................................................................................................ 64 
Figure 3.5 - First cut separating the empty PVC pipe from the soil layer. ................................... 73 
Figure 3.6 - Second cut separating the soil layer from the base layers. ........................................ 74 
Figure 3.7 - Soil residue sample obtained from a screw cap of a column structure. .................... 75 
Figure 3.8 - Soil being mixed after it was removed from the inside of the column. .................... 76 
Figure 4.1 – Chlorate, perchlorate, chloride, and TDS concentrations in different groundwater 
wells. ............................................................................................................................... 83 
Figure 4.2 – Nitrate, hexavalent chromium, and COD concentrations in different groundwater 
wells. ............................................................................................................................... 84 
Figure 4.3 – Phosphate and TOC concentrations in different groundwater wells. ....................... 84 
Figure 4.4 - Average contaminant concentrations for diluted and undiluted column influent feed 
for Columns A and B (Well 05D) and Columns C and D (Well 01I). ........................... 88 
Figure 4.5 – Concentrations of contaminants extracted from blended soils with different depths 
before biodegradation. .................................................................................................... 94 
Figure 5.1 - Measured and corrected EBCTs for Columns A and B .......................................... 100 
Figure 5.2 - Measured and corrected EBCTs for Columns C and D. ......................................... 101 
Figure 5.3 - Flowrate and operation modes over time for Columns A and B. ............................ 103 
Figure 5.4 - Flowrate and operation modes over time for Columns C and D. ............................ 104 
Figure 5.5 - TOC concentration, a surrogate for molasses, in influent and effluent from Columns 
A and B. ........................................................................................................................ 108 
Figure 5.6 - TOC concentration, a surrogate for molasses, in influent and effluent from Columns 
C and D. ........................................................................................................................ 109 
Figure 5.7 - Cr(VI) concentration in influent and effluent from Columns A and B. .................. 112 
Figure 5.8 - Cr(VI) concentration in influent and effluent from Columns C and D. .................. 113 
Figure 5.9 - Nitrate concentration in influent and effluent from Columns A and B................... 116 




Figure 5.11 - Chlorate concentrations in influent and effluent from Columns A and B. ........... 121 
Figure 5.12 - Chlorate concentrations in influent and effluent from Columns C and D. ........... 122 
Figure 5.13 - Perchlorate concentrations in influent and effluent from Columns A and B. ....... 127 
Figure 5.14 - Perchlorate concentrations in influent and effluent from Columns C and D. ....... 128 
Figure 5.15 - Ammonia speciation as a function of pH at 25°C (Metcalf & Eddy, 2013). ........ 129 
Figure 5.16 - Ammonia concentrations in influent and effluent from Columns A and B. ......... 130 
Figure 5.17 - Ammonia concentrations in influent and effluent from Columns C and D. ......... 131 
Figure 5.18 - Phosphate concentrations in influent and effluent from Columns A and B. ......... 135 
Figure 5.19 - Phosphate concentrations in influent and effluent from Columns C and D. ......... 136 
Figure 5.20 - COD concentrations in influent and effluent from Columns A and B. ................. 140 
Figure 5.21 - COD concentrations in influent and effluent from Columns C and D. ................. 141 
Figure 5.22 – pH values in influent and effluent from Columns A and B. ................................. 143 
Figure 5.23 - pH values in influent and effluent from Columns C and D. ................................. 144 
Figure 5.24 – TDS concentrations in influent and effluent from Columns A and B. ................. 147 
Figure 5.25 - TDS values in influent and effluent from Columns C and D. ............................... 148 
Figure 5.26 – Chloride concentrations in influent and effluent from Columns A and B. .......... 152 
Figure 5.27 - Chloride concentrations in influent and effluent from Columns C and D. ........... 153 
Figure 5.28 – Chemical analyses in influent and effluent from Column A. ............................... 156 
Figure 5.29 – Chemical analyses in influent and effluent from Column B. ............................... 157 
Figure 5.30 – Chemical analyses in influent and effluent from Column C. ............................... 158 
Figure 5.31 – Chemical analyses in influent and effluent from Column D. ............................... 159 
Figure 5.32 - Concentrations of contaminants extracted from soils in post-biodegradation test.
 ...................................................................................................................................... 163 
Figure 5.33 – Compounds concentrations from soil extracts of biodegradation columns’ post-
biodegradation testing. ................................................................................................. 165 
Figure 6.1 - Top genera of combined soil from Columns A and B. ........................................... 168 
Figure 6.2 - Top genera of combined soil from Columns C and D. ........................................... 168 
Figure 6.3 – Top phyla of combined soil from Columns A and B (Microbial Insights, 2020b). 170 
Figure 6.4 – Top phyla of combined soil from Columns C and D (Microbial Insights, 2020b). 171 
Figure 6.5 - Major phyla found in blended soils from borings M-251 and M-253 (mixed depths) 





Chapter 1   Introduction 
1.1 Background 
Perchlorate (ClO4
-) is an inorganic anion, commonly found as a salt (USEPA, 2017b). 
Due to its high oxidizing capability, perchlorate is frequently used as a combustion agent in 
chemical industries for airbags, rocket propellants, pyrotechnics, and missile motors. Perchlorate 
is also naturally occurring, and is found in natural nitrate deposits (such as Chilean nitrate) 
(Srinivasan and Viraraghavan, 2009; Sevda et al., 2018).  
Contaminated sites, with high concentrations of perchlorate (mg/L level), are associated 
with historic perchlorate manufacture and use, while sites with low concentrations (µg/L level) 
are located in migratory perchlorate plumes, where perchlorate was used to manufacture rockets 
and ammunition  (Gingras and Batista, 2002). Perchlorate concentrations have been detected as 
high as 3,700 mg/L in groundwater, 800 mg/L in drinking water, and 120 mg/L in surface water 
(Ontiveros-Valencia et al., 2013). As of May 2020, the states and territories that have shown 
perchlorate contamination above 18 µg/L include Florida, Georgia, Louisiana, Maryland, 
Mississippi, New Mexico, Nevada, Ohio, Oklahoma, Pennsylvania, Puerto Rico, and Texas 
(USEPA, 2020c). 
The Basic Management Industrial (BMI) Complex, which, during World War II, was 
designed to operate a magnesium production plant, is located in Henderson, Nevada. Later, the 
area became an ammonium perchlorate production plant (Nevada Division of Environmental 
Protection, 2020a). Today, as a consequence of the plant’s industrial history, this area is the most 
perchlorate-contaminated site in the United States (Batista et al., 2003). In 1997, perchlorate was 
found in the Lower Colorado River and in the Las Vegas Wash as a result of seepage from the 
contaminated groundwater of the BMI complex (Nevada Division of Environmental Protection, 
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2020b). Since then, interest in cleaning the ground and surface water from this area has emerged. 
The Nevada Environmental Response Trust (NERT) is responsible for treating the perchlorate in 
the groundwater at the site. Currently, pumping and treating ex-situ, using biological reduction is 
being performed in a portion of the site. However, NERT is currently investigating the potential 
use of in-situ bioremediation to treat the perchlorate-contaminated groundwater.  
In addition to perchlorate, other co-contaminants have been found in the groundwater. 
Chlorate is a co-occurring contaminant with perchlorate since it is a precursor to perchlorate 
manufacturing (Llanos et al., 2019). Nitrate, another common co-contaminant with perchlorate, 
is formed when ammonium perchlorate is released to the environment; ammonium is oxidized to 
nitrate by ammonium oxidizing bacteria. The co-occurrence of Cr(VI) with perchlorate and 
chlorate is associated with the use of chromium as an anti-corrosion additive in the 
electrochemical production of chlorate and perchlorate (Endrődi et al., 2017). 
Biological reduction and ion exchange are the most common techniques to remove these 
four contaminants individually (Song, Gao, Wang, et al., 2017; USEPA, 2017a; Chebeir and Liu, 
2018; Rezvani et al., 2019; Nair et al., 2020). However, for contaminated groundwater treatment, 
in-situ biological treatment is predominant and the most effective (Evans and Trute, 2006; 
SWRCB, 2014). In the case of biological treatment, perchlorate and all the co-contaminants can 
be used as electron acceptors and would therefore be degraded to innocuous or less toxic 
compounds. However, these electron acceptors are not equally preferred by bacteria, causing 
competition among them. Unfortunately, perchlorate is typically the least preferred electron 
acceptor (Xu et al., 2015). Although there have been many studies on perchlorate 




This research stemmed from preliminary microcosm testing performed previously by 
another researcher (Martin, 2020). The microcosm testing determined the favorable conditions 
and limitations, to the anaerobic biodegradation of contaminants of concern (COCs) (i.e., 
hexavalent chromium, nitrate, chlorate, and perchlorate), concomitantly present in the 
contaminated groundwater. In the absence of oxygen, all these contaminants can serve as 
electron acceptors in bacterial degradation. Testing was performed using groundwater and soil 
boring cuttings from an actual contaminated site. Various carbon sources, bioaugmentation, and 
various dilution of the groundwater—to minimize the impact of the high total dissolved solids 
(TDS) concentrations—were investigated in this thesis.  
The major findings from the batch microcosm investigation performed by Martin (2020) 
were as follows: 
 Soil and groundwater are highly contaminated. The chlorate and perchlorate concentrations 
in the groundwater were the highest reported to date for a perchlorate-contaminated site, to 
the best of the author’s knowledge, and were found to be up to 24,000 and 3,600 mg/L, 
respectively; the Cr(VI) concentrations varied from 88 to 112 mg/L. The concentration of 
nitrate was estimated to be about 300 mg/L, and the TDS was between 46,000 (4.6%) to 
52,000 mg/L (5.2%). 
 Biodegradation was negatively impacted by the high levels of TDS and lack of available 
carbon sources. Also, the presence of high levels of Cr(VI) resulted in delayed degradation of 
the other contaminants because Cr(VI) reduced first.  
 The soil types and groundwater used in the microcosm testing, taken from a depth of 85-105 
feet (ft), showed low concentrations of bacteria and no significant presence of perchlorate 
reducing bacteria (PRB) genes; only a low concentration of nitrate-reducing bacteria gene 
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was detected. Bioaugmentation, using sludge from existing bioreactors at the site, was 
required to improve biodegradation. Biodegradation occurred sequentially: Cr(VI) > nitrate > 
chlorate > and perchlorate. The results of microbial soil analyses revealed that Enterococcus 
(24.4%), Cloacibacterium (21.5%), and Corynebacterium (13.2%) were the main genera of 
bacteria found in the soil samples. The sludge samples showed a prevalence of Arcobacter 
(18.3%) and Parcubacteria (11.5%), while the groundwater showed Phaeobacter (7.8%) as 
the main genera present in the samples.   
 Among the tested carbon source types, molasses was the most effective for contaminant 
reduction, especially for Cr(VI). Degradation with acetate and emulsified oil were less 
effective. Emulsified oil was found to absorb too strongly to the clayey soil samples and was 
not available in the liquid phase for supporting degradation.   
 Dilution of the contaminated groundwater is needed to decrease the impact of the high TDS 
levels. No significant degradation of the contaminants occurred in the presence of high TDS 
levels (>5% TDS) in the undiluted groundwater. However, microcosms using molasses 
showed Cr(VI) degradation with groundwater with less than 2.5% TDS, while nitrate, 
chlorate, and perchlorate were not degraded. Diluted microcosms (1:4) with 0.65% TDS, 
molasses, and soil bacteria showed faster degradation of all contaminants than the 
bioaugmented microcosms using sludge alone. 
 In the microcosms with lower TDS, contaminants were degraded faster; it took 8 days for 
complete Cr(VI) reduction, while 28 days for complete denitrification. In the microcosm with 
a measured TDS of 1.16%, it took 267 days to fully degrade the perchlorate, while in 
microcosms with a measured TDS of 1.43%, it took 554 days to degrade perchlorate.  
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The favorable and limiting conditions found in the work of Martin (2020) are applied in 
this thesis to investigate the degradation of the same contaminants in a packed-bed bioreactor 
using soils of the contaminated site as the reactor’s medium. The packed-bed bioreactor is used 
here to simulate potential in-situ bioremediation of the site using molasses as the carbon 
source/electron donor.  
 
1.2 Research Objectives 
The overall objective of this thesis was to determine the potential use of in-situ 
biodegradation for remediation of groundwater contaminated with competing electron-accepting 
anionic compounds.  Packed-bed bioreactor columns, using soils from the site as a medium, were 
fed with contaminated groundwater with varying contact times to simulate the groundwater 
velocity at the site. The challenges of the system included high contaminant levels and high TDS 
concentrations, which necessitate dilution of the groundwater. The specific objectives of the 
study are as follows:  
1. To evaluate the effectiveness of molasses, as an electron donor/carbon source, for the 
removal of contaminants of concern (COCs) (i.e., hexavalent chromium, nitrate, chlorate, 
and perchlorate) from the groundwater using packed-bed reactors. 
2. To determine the removal rates of the COCs for different dilutions of the groundwater in 
packed-bed reactors. 
3. To examine the impact of contact time within the packed-bed reactor columns on the 
contaminants’ degradation performance. 
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4. To evaluate if effluent chloride concentrations reflect the amount of chlorate and 
perchlorate degraded within the columns. This approach constitutes a second measure 
that biodegradation is taking place. 
5. To investigate the microbial ecology developed within the packed-bed reactors as a result 
of bioaugmentation with sludge and the presence of naturally occurring microbes in the 
contaminated soil and groundwater. 
 
1.3  Research Questions and Hypotheses 
This research attempts to answer three questions related to perchlorate and co-
contaminant reduction using molasses as a carbon source in a packed-bed bioreactor for in-situ 
bioremediation applications.  
 
Question 1: Will the contaminant degradation sequence and rate found in the microcosm testing 
performed by Martin (2020) hold when applied to a packed-bed bioreactor? 
Hypothesis: Microcosms are batch reactors where bacteria are suspended in the liquid phase.  
Packed-bed reactors are attached growth systems, and a large number of bacteria can accumulate 
in them as biofilms; in general, bacteria growing in biofilms perform better because of the high 
active biomass concentrations promoting high reaction rates and less susceptibility to toxicity 
and sludge production (Muhamad et al., 2015). It is expected that degradation rates will be 
greater in fixed-bed reactors than in the microcosms. Thermodynamically, when in the presence 
of glucose, microorganisms will utilize nitrate (114 kJ/e- eq) first as the terminal acceptor, 
sequentially followed by (Cr(VI) (172 kJ/e- eq), perchlorate (175 kJ/e- eq), and chlorate (181 
kJ/e- eq).  
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Basis for the hypothesis: The least and most favorable electron acceptors are calculated based 
on the difference between the free energy (ΔG0’) of the donor and the ΔG0’ of the acceptor 
(Rittmann and McCarty, 2001a). In this study glucose, a major component found in molasses 
with ΔG0’ of 41 kJ/e- eq, was assumed as the primary electron donor; nitrate (ΔG0’ = -73 kJ/e- 
eq), Cr(VI) (ΔG0’ = -131 kJ/e- eq), perchlorate (ΔG0’ = -134 kJ/e- eq), and chlorate (ΔG0’ = -140 
kJ/e- eq) are the most relevant electron acceptors found in this study (Rittmann and McCarty, 
2001a; Upadhyaya et al., 2015). Thermodynamically, the lowest ΔG0’ difference obtained from 
the reaction of donor and acceptor will be highly preferred by the bacteria (Rittmann and 
McCarty, 2001a). Based on the energy potentials for electron donor and acceptors previously 
described, nitrate (114 kJ/e- eq) is the most favorable acceptor, followed by Cr(VI) (172 kJ/e- 
eq), perchlorate (175 kJ/e- eq), and chlorate (181 kJ/e- eq).  
Thermodynamically the reduction sequence is predicted by the presence of other terminal 
acceptors. However, the reduction sequence is also dependent on the electron donor and energy 
source (Rittmann and McCarty, 2001a; Timmis et al., 2019).  In the case of this study, molasses 
is the electron donor and energy source, which is mainly composed of glucose and sucrose 
(Upadhyaya et al., 2015). The sequencing of reduction is also impacted by the contaminant 
concentrations and kinetics. Therefore, depending on the relative concentration of the electron 
acceptors and the kinetics of degradation, the sequence of electron acceptor use may differ from 
what is expected thermodynamically. There have been several studies that show simultaneous 
nitrate and perchlorate reduction. Choi and Silverstein (2008) developed a fixed biofilm reactor 
to evaluate perchlorate (1 mg/L) degradation in the presence of nitrate (71 mg/L), which showed 
simultaneous nitrate and perchlorate reduction using acetate as an electron donor. On the 
contrary, Xu et al. (2015) evaluated perchlorate (500 mg/L) and nitrate (500 mg/L) degradation 
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in batch microcosms; their findings showed that nitrate reduction was inhibited by the presence 
of perchlorate (Choi and Silverstein, 2008; Xu et al., 2015). Accordingly, Xu et al. (2015) 
reported that growth mode (i.e., suspended or fixed film), biomass, analysis methods, pH, 
temperature, and electron donor, can impact microbial kinetics parameters. Furthermore, the 
presence of multiple electron donors and acceptors can promote competitive reactions, changing 
reduction pathways and performance (Bardiya and Bae, 2011a, 2015).  
 
Question 2: Will bioaugmentation of the packed bioreactor be needed during the entire 
treatment duration or simply during an initial period? How does bioaugmentation impact 
contaminant removal, particularly for perchlorate reduction? 
Hypothesis: Bioaugmentation will enhance perchlorate reduction in the presence of other 
contaminants and a carbon source. The number of bacteria present in the site’s soil and 
groundwater is small. Bioaugmented reactors will perform better than the non-bioaugmented 
bioreactors because initially a larger number of bacteria will be present in the bioaugmented 
bioreactor to degrade the contaminants. However, with time, the naturally occurring bacteria, 
which are likely more acclimated to the site, will grow from the initial seed and additional 
bioaugmentation may not be needed to promote the reduction of perchlorate and other 
contaminants of interest. 
Basis for the hypothesis: PRBs are ubiquitous in nature and have been isolated from pristine 
environment as well as from perchlorate-contaminated sites (Waller, Cox and Edwards, 2004). 
For the site in question, the TDS level is very high, and that has a negative impact on 
biodegradation. In addition, the number of bacteria found in the soils, at the depth of 85-100 ft, is 
low. Therefore, one would expect bioaugmentation to be necessary, but bacteria present in the 
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soils and groundwater bacteria may also contribute to the degradation of the contaminants. Little 
is known about the metabolism of PRB under extreme conditions of alkaline pH, elevated 
temperature, and high salinity (Krug et al., 2009). To date, there are only a few studies that have 
demonstrated naturally occurring PRB isolate from soil or groundwater without enrichment are 
capable of reducing perchlorate in salinity greater than 2% (Gingras and Batista, 2002; Krug et 
al., 2009; Ebrahimi, Nguyen, and Roberts, 2015). Therefore, bioaugmentation can be beneficial 
to promote contaminant removal, especially under  high TDS conditions (Timmis et al., 2019).  
PRB bacteria that can degrade perchlorate, under high TDS conditions (> 3%), have not 
been identified to date. High TDS levels inhibit the growth of microorganisms by raising the 
osmotic pressure within the cell, separating microbial plasma, decreasing metabolic enzyme 
activity, and destroying the structural integrity of the microbial enzymes (He et al., 2017). 
Aside from TDS, the abundance of soil organisms is influenced by a variety of 
environmental factors including soil pH, texture, moisture, nutrient content, and organic matter. 
Additionally, there is a difference in microbial composition between surface soils and subsurface 
soils because of the drastic difference in soil nutrients, extracellular enzyme activity, organic 
carbon, and microbial biomass (Hao et al., 2020). Previous studies have demonstrated changes in 
the microbial community with soil depth. Researchers have found decreasing microbial 
abundance and diversity with increasing depth (Hao et al., 2020). Soil for this research was 
obtained from 85 to 100 ft below ground surface (bgs) from the contaminant site. Therefore, the 
abundance and diversity of the microbial community, particularly PRB, is expected to be lower.   
 
Question 3: After the needed conditions for biodegradation are established in the packed-bed 
bioreactors, will degradation of high concentrations of contaminants at high TDS levels occur?  
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Hypothesis:  All of the contaminants measured in groundwater for this research can be 
biologically reduced. Microcosm tests (Martin, 2020) revealed that in the presence of molasses 
Cr(VI) was reduced abiotically. There is an indication in the literature that the reduction of 
chromium by molasses is due to the presence of phenolic groups present in the molasses 
molecule (Chen et al., 2015). All other contaminants–nitrate, chlorate, and perchlorate–are 
expected to require a carbon source to be biologically reduced. Total dissolved solids levels 
greater than 2% don’t affect abiotic Cr(VI) but it may inhibit biological nitrate, chlorate, and 
perchlorate reduction. However, by using a packed-bed bioreactor, it is expected that higher TDS 
levels can be tolerated by the bacteria. 
Basis for the hypothesis: Martin (2020) found that dilution of high TDS (hypersaline) 
groundwater promoted biological reduction of COCs, when molasses is used as an electron 
donor/carbon source. Her findings showed only partial perchlorate reduction was achieved 
between TDS levels of 4.6% to 5.20%, while perchlorate removal was better with diluted 
groundwater (<4%). With diluted groundwater (2.4% TDS) and molasses, perchlorate, chlorate, 
and nitrate reductions were 15%, 35%, and 0%, respectively. On the other hand, with undiluted 
groundwater (4.6 to 5.2% TDS), the perchlorate, chlorate, and nitrate reductions were 15%, 25%, 
and 0%, respectively. Chlorate reduction in undiluted groundwater was 10% lower than in 
diluted groundwater, while perchlorate and nitrate showed similar removals regardless of the 
dilution of groundwater (Martin, 2020). Chung, Nerenberg, and Rittmann (2007) found complete 
perchlorate reduction with 1% salinity using a membrane biofilm reactor.  However, with TDS 
levels greater than 4%, only 60% perchlorate removal was accomplished (Chung, Nerenberg, 
and Rittmann, 2007). 
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As mentioned earlier, attached growth on packed-bed bioreactors have shown better 
performance and can sustain higher contaminant loading because of higher cell concentration in 
the system, greater internal gradients within microbial aggregates, and the possibility to generate 
different biological particles, incorporating a wide variety of microorganisms (Gavrilescu and 
Macoveanu, 2000). Furthermore, attached growth has the ability to retain and grow a dynamic 
community of microorganisms that sustain a different influx of contaminants (Gavrilescu and 




Chapter 2  State of Knowledge 
2.1 Perchlorate and Co-Contaminants: Occurrence, Source, and Health Concerns 
2.1.1 Perchlorate 
Perchlorate (ClO4
-) is an inorganic anion commonly found as a salt, such as ammonium 
perchlorate (NH4ClO4), sodium perchlorate (NaClO4), and potassium perchlorate (KClO4); 
however, its main form is as perchloric acid (HClO4) (USEPA, 2017b). Due to its high oxidizing 
capability, perchlorate is frequently used as a combustion agent in chemical industries for 
airbags, rocket propellants, pyrotechnics, and missile motors. Perchlorate is naturally occurring 
in nature and is found in natural nitrate deposits (such as the Chilean nitrate) (Srinivasan and 
Viraraghavan, 2009; Sevda et al., 2018). Health concerns surrounding perchlorate contamination 
emerged in the 1990s, with improved detection methods (USEPA 314.0, 314.1, and 9058) that 
used reliable measurements by ion chromatography at 4 ppb and below. In 2008, an Interim 
Drinking Water Health Advisory of 15 ppb was established by the United States Environmental 
Protection Agency (USEPA). The latest action by the USEPA was to not determine a national 
drinking water standard for perchlorate; the agency decided that perchlorate does not meet the 
criteria to be considered a drinking water contaminant (USEPA, 2020b). However, the states still 
have their own regulations on perchlorate concentration in drinking water. California established 
6 µg/L as an enforceable standard of perchlorate in drinking water, while Nevada regulation 
limits 18 µg/L of perchlorate in drinking water. Other states, such as Colorado, Utah, Texas, and 
Wyoming, established 4.9, 14, 17, and 23.3 µg/L of perchlorate, respectively (USEPA, 2017). 
Even though perchlorate is not a federally regulated contaminant, as previously 
mentioned, 19 out of 50 U.S. states  regulate perchlorate in drinking waters because of its health 
impacts (USEPA, 2017b). Perchlorate anion is considered an inhibitor of iodine by the thyroid 
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gland, inhibiting the sodium-iodide symporter (NIS) present in the membrane of thyroid cells. 
This inhibition promotes less iodine amount to be absorbed by the thyroid gland, reducing the 
production of thyroid hormones such as T3 and T4 (Leung, Pearce, and Braverman, 2010). 
Populations particularly sensitive to perchlorate include fetuses, infants, and young children, as 
well as adults with compromised thyroid functions or iodine-deficiencies. Another adverse 
perchlorate effect is on brain development, which is compromised by the improper function of 
the thyroid gland (Park and Marchand, 2006; Steinmaus, 2016).     
Contaminated sites with high concentrations of perchlorate (mg/L level) are associated 
with historic perchlorate manufacture and use, while those with low concentrations (µg/L level) 
are located in migratory perchlorate plumes where perchlorate was used to manufacture rockets 
and ammunition  (Gingras and Batista, 2002). Perchlorate concentrations have been detected as 
high as 3,700 mg/L in groundwater, 800 mg/L in drinking water, and 120 mg/L in surface water 
(Ontiveros-Valencia et al., 2013). As of May 2020, the latest states and territories that have 
shown perchlorate contamination above 18 µg/L includes Florida (e.g., Sebring Water and 
Manatee County Utilities Dept.), Georgia (e.g., Oconee Co.-Watkinsville), Louisiana (e.g., St. 
Charles Water District 1 East Bank), Maryland (e.g., City of Aberdeen and Chapel Hill), 
Mississippi (e.g., Hilldale Water District), New Mexico (e.g., Deming Municipal Water System), 
Nevada (e.g., City of Henderson), Ohio (e.g., Fairfield City PWS and Hecla Water Association-
Plant PWS), Oklahoma (e.g., Enid), Pennsylvania (e.g., Meadville Area Water Authority), Puerto 
Rico (e.g. Utuado Urbano), and Texas (e.g. City of Levelland) (USEPA, 2020c). However, the 
same report provided by USEPA (2020c) also showed some perchlorate reduction in 
contaminated areas such as the United States Geological Survey (USGS) site (below the Hoover 
Dam), Willow Beach (Arizona), and Whitsett (California). 
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There are several technologies recognized to remove perchlorate from contaminated 
waters, namely ion-exchange, granular activated carbon (GAC) adsorption, reverse osmosis, 
electrodialysis, and biological reduction. However, ion exchange (IX) and biodegradation in-situ 
or ex-situ are the most commonly used treatment technologies (USEPA, 2017b). Perchlorate may 
occur in the presence of many other anions. Some of the co-occurring anions may be co-
contaminants that must also be removed from the water. Co-contaminants are competing for 
electron acceptors, such as nitrate, chlorate, chromate, and chloroform. The presence of co-
contaminants impacts the perchlorate removal capacity of both  IX and biological reduction (Sun 
et al., 2009; Bardiya and Bae, 2015). 
 IX process is the most common physicochemical treatment for perchlorate removal from 
drinking water (Song, Gao, Guo, et al., 2017). There exist selective and non-selective resins that 
have been developed to remove perchlorate from waters (Sharbatmaleki, 2010; Hand and Cusick, 
2020). The major factors that impact IX systems include the presence of other competing ions 
(e.g., nitrate, sulfate, and bicarbonate), biofouling due to the presence of organics, and IX resins’ 
intrinsic properties, including resin capacity and selectivity. However, IX systems involve high 
capital costs and also generate significant waste containing high perchlorate and TDS 
concentrations (i.e., waste brine), which require treatment and appropriate disposal (USEPA, 
2017b). As previously discussed, the generated waste brine requires treatment to eliminate 
perchlorate; however, brine treatment can be challenging due to the limited number of 
technologies readily available. However, recent studies showed the use of the biocatalytic 
process for perchlorate removal from IX waste brines (Hutchison, Guest and Zilles, 2017; 
Hutchison and Zilles, 2018). Although the process investigated by Hutchison, Guest, and Zilles 
(2017) was deemed to be highly effective in converting perchlorate to innocuous compounds, 
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their approach did not evaluate the presence of other contaminants in the water, which could 
potentially impact perchlorate removal using biocatalytic technology.  
Biological reduction of perchlorate has been known as a cost-effective and promising 
technology for in-situ and ex-situ remediation of contaminated soils and waters using perchlorate 
reducing bacteria (PRBs) to degrade perchlorate (Nair et al., 2020). Perchlorate-reducing 
microorganisms are ubiquitous and diverse, with most species categorized under the phylum 
Proteobacteria. Dechloromonas and Azospira are two of the most common genera of PRBs, 
which are facultative anaerobes, non-fermentative, and motile bacteria. These microorganisms 
cannot utilize hydrogen as electron donor and/or sulfate, and Fe(III) as electron acceptors 
substitutes (Sun et al., 2009; Youngblut et al., 2016; Wang and Coates, 2017; Acevedo-Barrios 
et al., 2019). In recent years, halotolerant PRBs had been isolated and found to be from Vibrio, 
Bacillus, Salinovibrio, Staphylococcus, and Nesiotobacter genera, which can reduce perchlorate 
in saline conditions from 10 to 25% (Acevedo-Barrios et al., 2019).  Some factors can affect 
perchlorate biodegradation rates, including pH, temperature, salinity, type of organic carbon 
source, optimal organic carbon source to perchlorate ratio, as well as the presence of coexisting 
contaminants (e.g., nitrate and sulfate) (Bardiya and Bae, 2011a; Youngblut et al., 2016; Zhu, 
Gao, et al., 2016; Wang and Coates, 2017). Details of biological perchlorate reduction are 
discussed in Section 2.2.2. 
2.1.2 Chlorate  
Chlorate (ClO3
-) is a co-occurring contaminant with perchlorate and typically occurs in 
sites where perchlorate was manufactured. This is because perchlorate is manufactured through 
chlorate oxidation by using strong oxidizing agents such as ozone, persulfates, and permanganate 
(Llanos et al., 2019). Chlorate is also used for agricultural activities as an herbicide to defoliate 
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and desiccate undesirable vegetation (Alfredo et al., 2015; Mastrocicco et al., 2017). Another 
important use is in the pulp and paper industry, where chlorine dioxide (derived from sodium 
chlorate) is used as a bleaching agent (USEPA, 2016; Smulders, 2020). Also, chlorate can result 
from the use of chlorine compounds in drinking water. The uses of hypochlorite solutions and 
chlorine dioxide as disinfectants are very efficient; however, these strong oxidizing agents are 
quickly decomposed, causing the formation of disinfection by-products, such as chlorite, 
chlorate, and trihalomethanes (THMs) (Alfredo et al., 2015; Mastrocicco et al., 2017). Chlorate 
contamination can also be associated with industrial waste discharges from pulp and paper 
industries, where sodium chlorate is used as a bleaching agent (Karlsson and Cornell, 2016). 
This method is still currently the main process for wood pulp bleaching, where sodium chlorate 
is generated from the electrolysis of sodium chloride brine. Besides the chlorate contamination in 
this industrial waste, this process involves large energy consumption, contributing to the increase 
in world energy consumption (Karlsson and Cornell, 2016; Endrődi et al., 2017; Endrödi et al., 
2019).    
Chlorate is not yet included in the Primary or Secondary Drinking Water Standards by 
the USEPA. However, in 2020, Chlorate remained listed in the 4th Contaminant Candidate List 
(CCL) released by the EPA. While chlorate concentration is not regulated by a federal agency, 
some state regulations and other countries propose some maximum levels for chlorate in 
drinking water (WHO, 2005). The California Environmental Protection Agency, established in 
2010 and reviewed in February 2020 a notification level for chlorate of 0.8 mg/L (Cal/EPA, 
2010). According to the Canadian Drinking Water Quality guidelines, considering an average 
body weight of 70 kg and average daily water consumption of 1.5 liters, the maximum 
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acceptable concentration for chlorate in drinking water is 1 mg/L (Federal-Provincial-
TerritorialCommittee On Drinking Water, 2008).  
Because chlorate is considered a perchlorate degradation byproduct, the same potential 
treatment technologies can be applied to chlorate remediation. IX and membrane filtration are 
the main technologies for chlorate removal. While for in-situ and ex-situ remediation, biological 
treatment is the most cost-effective technology (USEPA, 2017b). 
2.1.3 Nitrate  
Nitrate (NO3
-), a very soluble compound, is considered a contaminant worldwide 
(Almasri, 2007). The most common sources of nitrate contamination in groundwater and surface 
water are effluent discharges from industrial and domestic wastewater treatment plants and 
runoff from animal manure, along with fertilizer washout, inadequate septic systems, and 
improper industrial discharges (Liu and Wang, 2019). Nitrogen is discharged in the form of 
organic compounds (e.g., urea, amines, and protein) or in the form of inorganic compounds (e.g., 
ammonia/ammonium, nitrite, and nitrate), enhancing the nitrate concentration in groundwater 
due to its strong mobility (Sevda et al., 2018). However, nitrate can also naturally occur in 
groundwater; concentrations above 3 mg/L usually indicate contaminated groundwater, while 
concentrations greater than 1 mg/L indicate human activities (USEPA, 2020a).  
Nitrate pollution can cause eutrophication in the environment, and when ingested in high 
quantities, can cause shortness of breath, infant methemoglobinemia (blue baby syndrome), and 
serious illness in infants less than 6 months old (USEPA, 2009). When ingested, nitrate is 
converted to nitrite, which binds to hemoglobin, producing methemoglobin, which cannot bind 
to oxygen and transport it to the tissues (Greer and Shannon, 2005). Due to health concerns, the 
maximum contaminant level goal established by the USEPA Primary Drinking Water Standards 
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is 10 mg/L as N or 44.3 mg/L as NO3
- (USEPA, 2009). In addition, the World Health 
Organization (WHO) recommends less than 50 mg/L of nitrate in drinking water (WHO, 2011). 
The majority of waters contaminated with perchlorate also contain nitrate; the reason is 
ammonium nitrate as a rocket fuel was used or manufactured at many contaminated sites. Once 
ammonium perchlorate is discharged into the environment, ammonium is oxidized to nitrate by 
ammonium oxidizing bacteria (National Center of Biotechnology Information, 2020). 
Conventional treatment methods, such as coagulation and filtration, can be applied to nitrate 
removal; however, biological denitrification is the most cost-effective technology for nitrate 
removal; it will be discussed later in this chapter in more detail (Rezvani et al., 2019).  
2.1.4 Hexavalent Chromium  
Hexavalent chromium [Cr(VI)] in the form of chromate (CrO4
2-) can lead to several 
health complications, such as allergic skin reaction, irritation, or damage to the respiratory tract 
if inhaled and irritation or damage to the eyes if in high concentration. (US Department of Labor, 
2006; Saha, Nandi and Saha, 2011; ASTDR, 2012). The toxicity, mobility, and bioavailability 
impacts depend on the chromium valence state. Cr(VI) species are considered to be 100-fold 
more toxic, as well more bioavailable, mobile, and soluble compared to less soluble Cr(III) 
compounds (Kotas and Stasicka, 2000; Kamaludeen et al., 2003; Saha, Nandi and Saha, 2011). 
Recent studies show ultramafic and mafic rocks as a potential source of naturally-occurring 
Cr(VI) in groundwater due to their high chromium levels (Coyte et al., 2020).  However, most 
groundwater contamination by Cr(VI) was caused by anthropogenic sources like industrial waste 
and mining activities. The co-occurrence of Cr(VI) with perchlorate and chlorate is associated 
with the use of chromium as an anti-corrosion additive (Endrődi et al., 2017). In U.S. soils, 
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naturally-occurring chromium concentrations vary from 1 to 2,000 mg/L (Contaminated Site 
Clean-Up Information, 2020).  
Despite World Health Organization (WHO) recommendations for a total chromium 
maximum concentration of 0.05 mg/L of Cr(VI) in drinking water (WHO, 2011), the U.S. 
Environmental Protection Agency (EPA) determines a maximum concentration of 0.1 mg/L for 
total chromium in drinking water (ASTDR, 2012). Even though Cr(III) is not as harmful to 
human health as Cr(VI), it is important to remove trivalent chromium from drinking water 
instead of only reducing it.  During water distribution, Cr(III) can re-oxide to Cr(VI), which is 
correlated to the presence of free chlorine as a remaining disinfectant in water treatment systems. 
Thus, it is common in water treatment to reduce Cr(VI) to Cr(III), and posteriorly predict it as 
Cr(OH)3 (Chebeir and Liu, 2018). 
2.2 Biological Reduction of Contaminants of Interest 
2.2.1 Microbial Metabolism 
The metabolism of microbes consists of all the chemical processes that occur inside the 
microbial cells. One subdivision of metabolism is called catabolism, which is the oxidation and 
reduction reactions that occur inside the organism (Beeckmans, 2009). Oxidation promotes the 
removal of electrons from compounds, commonly called electron donors. Electron donors are 
also the energy providers or energy substrate for the microorganisms (Boundless, 2020). In 
opposition, the reduction process adds electrons to a compound, commonly called an electron 
acceptor. The different types of electron donors will be discussing later in this section. To 
quantify the likelihood of these reactions, the free energy (ΔG0’) is computed for each 
oxidation/reduction reaction pair based on the chemical properties of electron donors and 
acceptors (Rittmann and McCarty, 2001a). Considering that each reaction is specific for a 
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compound, an energy scale can be built to evaluate the different free energy values. Table 2.1 
shows the energy scale for the most relevant electron donors and acceptors for this study.  
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Based on the free energy reported in Table 2.1, to evaluate the least and the most 
favorable electron acceptor, it is necessary to calculate the difference between the ΔG0’ of the 
donor and the ΔG0’ of the acceptor (Rittmann and McCarty, 2001a). In this study, glucose 
(mainly compound of molasses) will be assumed as the electron donor, and nitrate, Cr(VI), 
 
21 
chlorate, and perchlorate are the most relevant electron acceptors (Upadhyaya et al., 2015). 
Biologically and thermodynamically, the lowest ΔG0’ obtained from the reaction of donor and 
acceptor will be highly preferred by the bacteria (Rittmann and McCarty, 2001a). Based on the 
energy potentials from Table 2.1, nitrate (114 kJ/e- eq) is the most favorable acceptor, followed 
by Cr(VI) (172 kJ/e- eq), perchlorate (175 kJ/e- eq), and chlorate (181 kJ/e- eq).   
2.2.2 Biological (Per)chlorate Reduction 
Biological reduction is the most cost-effective method to remove perchlorate from 
contaminated sites and groundwater (Bardiya and Bae, 2011a), and it will be investigated in this 
research. This treatment technology relies on microorganisms capable of reducing perchlorate to 
chlorate (ClO3
−) and chlorite (ClO2
−) successively, ending with the dissociation of ClO2
− into 
chloride (Cl−) and molecular oxygen (O2). These microorganisms are widespread, diverse, and 
well known as perchlorate reducing bacteria (PRBs), facultatively anaerobic bacteria categorized 
under the phylum Proteobacteria (He et al., 2019; Nair et al., 2020). Heterotrophic PRBs utilize 
organic compounds as electron donors and carbon sources, whereas autotrophic PRBs utilize 
inorganic compounds as electron donors. However, hydrogenotrophic bacteria is a group of 
autotrophic bacteria that uses inorganic compounds as a carbon source (i.e., CO2, HCO3
-) and 
hydrogen as an electron donor (Sahu et al., 2009). Both heterotrophic and autotrophic PRBs can 
be classified under four prominent groups (He et al., 2019). 
The first group includes the most prominent genera of PRBs, Dechloromonas, and 
Dechlorosoma (also known as Azospira), both perchlorate and chlorate reducers (Bardiya and 
Bae, 2011a; Zhu, Gao, et al., 2016). The second group is formed by chlorate reducers only, 
Ideonella dechloratans, Pseudomonas chloritidismutans strain ASK-1, and Alicycliphilus 
denitrificans strain BC (Bardiya and Bae, 2011a). The third group is also composed of 
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perchlorate and chlorate reducers, with a transient accumulation of chlorate. The genera of this 
group are Dechlorosoma sp. HCAP-C and the Dechloromonas PC1 (Vigliotta et al., 2010). The 
fourth and final group includes denitrifying bacteria such as Rhodobacter capsulatus, 
Rhodobacter sphaeroides, Haloferax denitrificans, Paracoccus halodenitrificans, and A. 
denitrificans strain BC. The energy-yielding pathway of denitrifying bacteria is not favorable for 
perchlorate reduction, making these microorganisms irrelevant for this purpose (Bardiya and 
Bae, 2011a).   
PRBs are responsible for perchlorate reduction into their byproducts (i.e., chlorate, 
chlorite, and chloride). However, these microorganisms require specific enzymes to ensure this 
process (Figure 2.1). Perchlorate reductase (PcrAB) is the enzyme, which will convert 
perchlorate into chlorate, subsequently converted into chlorite (ClO2
-) by the same enzyme 
(Figure 2.1). Specifically, for chlorate only, the enzyme chlorate reductase (ClrABC) can reduce 
chlorate into chlorite. When the chlorite form is available, the enzyme chlorite dismutase (Cld) 




Figure 2.1 - (Per)chlorate reduction pathway and respective enzymes (Adapted from Youngblut et al., 2016). 
 
 
Table 2.2 shows a comparison between different parameters involved in perchlorate 
reduction from multiple studies, using different electron donors and initial perchlorate 
concentrations. The mass ratio was calculated by dividing the given electron donor concentration 
by the initial perchlorate (electron acceptor) concentration. Most of the removal percent was 
calculated by the difference between the initial and final perchlorate concentrations, divided by 
the initial concentration. The perchlorate reduction rates were provided by the studies; however, 
some of them were computed for this thesis based on information provided in the study.  
The first two studies reported in Table 2.2 used similar bed reactors but with different 
electron donors. The first study used a carbohydrate-based electron donor (CBED) with an initial 
concentration of 250 mg as COD/L to treat 0.2 mg/L of perchlorate. The calculated mass ratio 
was 1,250, and the study achieved 97% of perchlorate removal. The empty bed contact time 
(EBCT) was 42.8 minutes, and the reduction rate was 9x10-4mg ClO4
-/L-d. For the second study, 
acetate was used as an electron donor, promoting 99% removal of 20 mg/L of perchlorate. 
However, the EBCT was 31 minutes, while the reduction rate was 2,592 mg ClO4
-/L-d. 
Comparing both studies, the study using acetate showed a better performance for these types of 
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reactors, where a higher reduction rate was obtained in the presence of a higher initial 
perchlorate concentration and a lower mass ratio of 5. The following three studies evaluated 
perchlorate degradation in microcosms tests using acetate as an electron donor. However, the 
initial perchlorate concentrations were 1,300, 500, and 23.56 mg/L, respectively. The perchlorate 
percent removal was greater than 99% in all three studies; however, the study with a higher 
initial perchlorate concentration showed a higher reduction rate (2,040 mg ClO4
-/L-d) with a 
maximum contact time of 28 hours. The microcosms study with the second-highest perchlorate 
concentration of 500 mg/L showed a reduction rate of 117.6 mg/L during 120 hours. The 
microcosms with lower perchlorate concentration (26.53 mg/L) had the lowest reduction rate of 
20.9 mg/L during 27 hours. Analyzing all three studies, a high initial perchlorate concentration is 
attributed to a high reduction rate. In addition, the highest reduction rate was obtained with the 
highest acetate concentration (6,500 mg/L). However, the lowest reduction rate was not obtained 
in the study with the lowest acetate concentration (303 mg/L).  
The information for the reactors using activated carbon comes from the same study, and 
the initial parameters were the same in both cases. The authors evaluated perchlorate reduction 
using acetate as an electron donor under two different EBCTs (113 and 226 minutes). The setup 
with lower EBCT achieved a lower percent removal of perchlorate (94%) and, consequently, a 
lower reduction rate (29.9 mg ClO4
-/L-d). The set up with a higher EBCT showed 99% 
perchlorate removal and a reduction rate of 31.86 mg ClO4
-/L-d. This study suggested that EBCT 
is an important factor in perchlorate removal, and a higher EBCT is related to a higher 
perchlorate reduction. Three studies were performed using acetate for perchlorate removal in 
sequencing batch reactors (SBR). Two of the setups are from the same study performed by Ryu 
et al. (2012), using the same initial parameters. However, one set up used non-salt-tolerant 
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perchlorate-reducing bacterial consortia (N-PRBC), while the other one used salt-tolerant 
perchlorate-reducing bacterial consortia (ST-PRBC). These studies used 100 mg/L of acetate and 
an initial perchlorate concentration of 100 mg/L. Both setups achieved more than 99% removal. 
However, the study using N-PRBC showed a lower reduction rate (1,152 mg ClO4
-/L-d) under a 
lower contact time (7h). The study performed by Nor et al. (2011) used a higher initial acetate 
and perchlorate concentration, 2000 mg/L and 1,200 mg/L, respectively. The study also obtained 
99% removal with a reduction rate of 1,200 mg ClO4
-/L-d, an HRT of 32 days, and an SRT of 
170 days. These three studies showed that different mass ratios between electron donor and 
acceptor did not significantly impact perchlorate reduction using an SBR.  The last two studies 
evaluated the performance of Ion Exchange Membrane Bioreactors on removing 0.10 mg/L of 
perchlorate using ethanol as an electron donor. The study using an initial ethanol concentration 
of 400 mg/L achieved only 88% removal, with a reduction rate of 0.017 mg ClO4
-/L-d and an 
HRT of 8.3 hours. However, the study using 1,000 mg/L of ethanol obtained 93% removal with a 
reduction rate of 0.29 mg ClO4
-/L-d and HRT of 5.84 days. For these two studies, the mass ratio 
of electron donor and acceptor significantly impacted the reactor performance, where a higher 
ethanol concentration is attributed to a higher perchlorate reduction.  
Based on the data reported in Table 2.2, a wide range of carbon sources can be used for 
perchlorate degradation with significant removal rates greater than 97%. A mass ratio of carbon 
source to perchlorate, as low as 1.7, is sufficient to almost completely remove the contaminant. 
For the same electron donor, perchlorate degradation rates increased with increasing perchlorate 
concentrations. In addition, contact times as low as 30 minutes to days are needed for almost 






























250 mg COD/L 0.20 mg/L 1,250 0.006 mg/L 97% 9x10-4mg ClO4-/L-d EBCT=42.8 min 
(Upadhyaya 




100 mg/L 20 mg/L 5 < 0.004 mg/L > 99% 2,592 mg ClO4-/L-d EBCT=31 min 
(Kim and 
Logan, 2001) 
Acetate Microcosms 6500 mg/L 1300 mg/L 5 < 0.004 mg/L > 99% 2,040 mg ClO4-/L-d 
Max. 0 to 28 
hours 
(Zhu, Gao, et 
al., 2016) 






Acetate Microcosms 1000 mg/L 23.56 mg/L 42 0.05 mg/L > 99% 20.9 mg ClO4-/L-d 
Max. 0 to 27 
hours 






74 mg/L 5 mg/L 14.8 0.3 mg/L > 94% 29.9 mg ClO4-/L-d EBCT=113 min 






74 mg/L 5 mg/L 14.8 < 0.002 mg/L > 99% 31.86 mg ClO4-/L-d EBCT=226 min 





1000 mg/L 100 mg/L 10 < 0.002 mg/L > 99% 1,152 mg ClO4-/L-d 
Contact time 7 
hours 





1000 mg/L 100 mg/L 10 < 0.002 mg/L > 99% 2,064 mg ClO4-/L-d 
Contact time 11 
hours 










< 0.001 mg/L > 99% 1,200 mg ClO4-/L-d 
SRT = 170 days 
HRT = 32 hours 






























400 mg/L 0.10 mg/L 4,000 0.012 mg/L 88% 0.017 mg ClO4-/L-d HRT=8.3 hours 






1,000 mg/L 0.10 mg/L 10,000 0.007 mg/L 93% 0.29 mg ClO4-/L-d HRT=5.84 days 
(Ricardo et 
al., 2012) 
a Carbohydrate-Based Electron Donor 
b Non-salt-tolerant perchlorate-reducing bacterial consortia (N-PRBC) 




2.2.3 Biological Denitrification 
Biological denitrification is the most economical remediation technology for nitrate 
removal (Archna, Sharma and Sobti, 2012; Burghate and Ingole, 2014). Biological 
denitrification exploits both autotrophic and heterotrophic denitrifying bacteria, which converts 
nitrate (NO3
-) to nitrogen gas (N2) anaerobically or partially aerobic; heterotrophic denitrifying 
bacteria are generally from Gram-negative Proteobacteria, that includes Pseudomonas, 
Alcaligenes, Paracoccus, and Vibrio (Zumft, 1997). Under anaerobic conditions, nitrate serves as 
the electron acceptor. In the presence of an electron donor (e.g., methanol, ethanol, and acetic 
acid), nitrate is reduced to nitrite (NO2
-), then subsequently to nitric oxide (NO), nitrous oxide 
(N2O), and finally ending as nitrogen gas (N2), which is then released to the atmosphere (Metcalf 
& Eddy, 2013). Similar to perchlorate, nitrate reduction involves several enzymes. Figure 2.2 
shows the biological denitrification pathway with respective enzymes and genes involved in each 
step. Nitrate is reduced to nitrite through dissimilatory nitrate reductase (narGHJI gene) (Figure 
2.2, Step 1), while nitrite is converted to nitric oxide by nitrite reductase (nirS and nirK genes) 
(Figure 2.2, Step 2). Nitric oxide (NO) is then reduced to nitrous oxide (N2O) by nitric oxide 
reductase (norCB gene) (Figure 2.2, Step 3), and finally nitrous oxide reductase (nosZ gene) is 
the primary enzyme that reduce nitrous oxide (N2O) to nitrogen gas (N2) (Figure 2.2, Step 4) 
(Kandeler et al., 2006; Thomson et al., 2012; Di Capua et al., 2019). Figure 2.2 - Denitrification 




Figure 2.2 - Denitrification pathway and correspondent enzymes and genes(Adapted from Thomson et al., 2012). 
 
 
Table 2.3 shows a comparison between different parameters involved in denitrification 
from multiple studies, using different electron donors and initial nitrate concentrations. The first 
three studies evaluated denitrification using batch microcosm reactors. The first study used 322 
mg/L of glucose as an electron donor and an initial nitrate concentration of 60 mg/L. The percent 
removal was 96%, and the reduction rate 522 mg NO3
--N/L-d with a maximum contact time of 
37 hours. The second study evaluated the reduction of 50 mg/L of nitrate using 160 mg/L of 
mariculture solid wastes (MSW) as an electron donor. Only 60% removal was achieved with a 
reduction rate of 4.34 mg NO3
--N/L-d with a maximum contact time of 5 days. The third 
microcosms study investigated the reduction of 10 mg/L of nitrate using 40,000 mg/L of sulfur. 
The results showed a percent removal greater than 99% with a reduction rate of 1.5 mg NO3
--
N/L-d with a maximum contact time of 6 days. Comparing all three studies, it was noticed that 
the highest initial nitrate concentration (60 mg/L) is attributed to the highest reduction rate (522 
mg NO3
--N/L-d) and to the lowest contact time (37 hours). However, the highest removal rate 
(99%) was obtained in the study with the longest contact time (6 days) and with the highest mass 
ratio of electron donor/acceptor (4,000). The last set of studies evaluated the use of bench-scale 
bioreactors with different configurations and initial parameters. Among the studies, the highest 
reduction rate (7,900 mg NO3
--N/L-d) was obtained using 100 mg/L of acetate to treat 50 mg/L 
 
30 
in an Up-Flow Stirred Packed-Bed Bioreactor. The removal rate was greater than 99%, with an 
HRT of 6 minutes. The second highest denitrification rate (146.4 mg NO3
--N/L-d) was achieved 
in a Continuous Up-Flow Reactor in the presence of 220 mg/L of sulfur as electron donor and 30 
mg/L of initial nitrate. However, the percent removal was only 95%, with an HRT of 16 hours. 
Two studies were performed using ethanol as an electron donor. The first one used 1,000 mg/L 
of ethanol in an Ion Exchange Membrane Bioreactor in the presence of 60 mg/L of nitrate, 
obtaining a percent removal greater than 99% and a removal rate of 39 mg NO3
--N/L-d with 
HRT of 8.3 hours. The second study used 250 mg/L of ethanol in a Continuous-Flow Pilot 
Bioreactor in the presence of 50 mg/L of nitrate. The results also showed a removal percent 
greater than 99%; however, the reduction rate was 0.88 mg NO3
--N/L-d with an HRT of 2.47 
hours. For these two scenarios, the highest concentration of nitrate in the influent is also related 
to the highest denitrification rate. In addition, the highest denitrification rate was obtained in the 
study that used a higher electron donor concentration. Another study reported in Table 2.3 
evaluated denitrification using 95 mg/L of methanol in an Intensified Biofilm-Electrode Reactor 
to remediate 50 mg/L of nitrate. The study obtained a nitrate percent removal of 96% and the 
third highest reduction rate from the table (143 mg NO3
--N/L-d). Even though the HRT was 8 
hours and the contact time was 20 days, the electron donor concentration was considerably low 
when comparing to the other reported concentrations. The last study was a Packed-Bed Reactor 
using 8,832 mg/L of sugar as an electron donor. The initial nitrate concentration was the highest 
one, 400 mg/L, and was reduced by 97% with a reduction rate of 4.06 mg NO3
--N/L-d and HRT 
of 20 minutes.   
Based on the data reported in Table 2.3, a wide range of carbon sources can be used for 
nitrate degradation with significant removal rates greater than 96%. The only exception was for 
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the study using MSW, which achieved only 60% reduction. A mass ratio of carbon source to 
nitrate, as low as 2, is sufficient to almost completely remove the contaminant. For the same 
electron donor, denitrification rates increased with increasing nitrate concentrations. In addition, 
contact times varied from as low as 2.5 hours to 20 days, all achieving almost complete 





















NO3- Reduction Rate Contact Time Reference 
Glucose MFCb Reactor 322 mg/L 60 mg /L 5.4 < 1.8 mg/L 96% 552 mg NO3--N/L/d 
Max. 0 to 37 
hours 





160 mg/L 50 mg/L 3.2 20 mg/L 60% 4.34 mg NO3--N/L-d 
5 days 
(HRT=6 hours) 
(Gao et al., 
2020) 
Sulfur Microcosms 40,000 mg/L 10 mg/L 4,000 < 0.005 > 99% 1.5 mg NO3--N/L-d Max. 0 to 6 days 





220 mg/L 30 mg/L 7.3 1.54 mg/L 95% 146.4 mg NO3--N/L-d 
20 days 
(HRT=16 hours) 























250 mg/L 50 mg/L 5 < 0.007 mg/L > 99% 0.88 kg No3-N/m3-d HRT=2.47 hours 
(Kesserü et 
al., 2003) 
Methanol IBER c 95 mg/L 50 mg/L 1.9 < 2 mg/L 96% 143 mg NO3--N/L/d 
20 days 
(HRT=8 hours) 





8,832 mg/L 400 mg/L 22 < 1 mg/L > 97% 4.06 mg NO3--N /L/d 





et al., 2016) 
a Mariculture solid wastes 
b Microbial Fuel Cell 




2.2.4 Biological Hexavalent Chromium Reduction 
Several technologies are highly effective on Cr(VI) remediation (e.g., ion exchange and 
electrochemical methods); however, biological reduction of hexavalent chromium [Cr(VI)] (i.e., 
chromate) is the most cost-effective way to remove Cr(VI) from waters (Morales-Barrera and 
Cristiani-Urbina, 2014). Certain species of bacteria, including Pseudomonas, Micrococcus, 
Escherichia, Enterobacter, Bacillus, Aeromonas, Achromobacter, and Desulfomamaculum, 
algae, yeasts, and fungi are capable of enzymatically reduce Cr(VI) to its less toxic form Cr(III) 
under both anaerobic and aerobic conditions (Fein, et al., 2002). Although the aerobic condition 
can lead to a high removal of Cr(VI) (Jeyasingh & Philip, 2005), under anaerobic conditions, 
abiotic and biotic mechanisms are competitive; thus, biological Cr(VI) reduction are preferred in 
the absence of oxygen (Fein, et al., 2002).  At neutral pH or alkaline conditions, Cr(VI) mainly 
exists in the environment in the ion form of chromate (CrO4
-2) or dichromate (Cr2O7
-2). Cr(VI) 
reducing bacteria under anaerobic conditions can reduce Cr(VI) direct to Cr(III) in the presence 
of chromate reductase and the gene ChrR (Thatoi et al., 2014; Baldiris et al., 2018). Cr(VI) acts 
as an electron acceptor, and organic compounds such as acetate and carbohydrate-based (e.g., 
molasses, glucose, galactose, sucrose, and lactose) acts as electron donors. When molasses is 
used as an electron donor, Cr(VI) is reduced chemically and abiotically (Chen et al., 2015). This 
scenario will be discussed in Section 2.3 as it applies directly to this thesis.  
Table 2.4 shows a comparison between different parameters involved in Cr(VI) reduction 
from multiple studies, using different electron donors and initial concentrations. The first four 
studies reported evaluated batch microcosms performance on Cr(VI) reduction using different 
electron donors. All four studies achieved 99% removal; however, the study using 10,000 mg/L 
of casamino acid as electron donor reduced the highest initial concentration of Cr(VI) (260 
mg/L). The maximum reduction rate was 13 mg Cr(VI)/L-h in 20 hours. The highest reduction 
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rate (108 mg Cr(VI)/L-h) was obtained from the study using 2,000 mg/L of sucrose as an 
electron donor. However, the initial Cr(VI) concentration was the lowest one of all four studies. 
The lowest reduction rate was found in the study using 3,000 molasses as an electron donor, 
which completely reduced 20.5 mg/L of Cr(VI). Two Sequencing Batch Reactor were reported 
and used milk as the electron donor. Both studies used the same initial parameters and 
concentrations; however, one study found a reduction rate of 0.61 mg Cr(VI)/L-h, while the 
second one found 0.15 mg Cr(VI)/L-h. Even though both studies achieved 99%, the difference in 
the reduction rates can be attributed to operating factors and/or the presence of other 
contaminants, such as nitrate, for the study performed by (Panousi et al., 2019). The last three 
reported studies investigated the efficiency of bioreactors on Cr(VI) removal. The first two of 
them used 5,000 and 45 mg COD/L of acetate as an electron donor to reduce 30 and 10 mg/L of 
initial Cr(VI), respectively. Both studies achieved 99%; however, the first one obtained a 
reduction rate of 5.2 mg Cr(VI)/L-h, while the second study found a reduction rate of 2.1 mg 
Cr(VI)/L-h. In addition, the last study investigated a packed-bed reactor using 5,000 mg/L. 
Among all three bioreactors reported, the study with glucose treated the highest initial Cr(VI) 
concentration (500 mg/L). 
Based on the data reported in Table 2.4, even though a wide range of carbon sources can 
be used for Cr(VI) degradation, most of them are carbohydrate-based electron donors (milk, 
sucrose, molasses, and glucose). All studies reported complete removal rates greater than 99%. 
The lowest mass ratio of carbon source to Cr(VI) was 4.5 and sufficient to completely remove 
the contaminant. No relation between the initial concentrations and the reduction rate was found. 
However, the highest initial concentrations of carbon sources were related to the highest 
reduction rates. In addition, contact times varied from as low as 2 hours to 7 days. 
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Microcosms 10,000 mg/L 260 mg/L 38.4 < 0.01 mg/L > 99% 
13 mg Cr(VI)/ 
L-h 





ZVIa Microcosm 6,320 mg/L 30 mg/L 210.7 < 0.01 mg/L > 99% 
53.1 mg Cr(VI)/ 
L-h 




Molasses Microcosms 3,000 mg/L 20.5 mg/L 146 < 0.1 mg/L > 99% 
3.03 mg Cr(VI)/ 
L-h 
Max. 0 to 
3.5 hours 
(Michailides 
et al., 2015) 
Sucrose Microcosms 2,000 mg/L 5 mg/L 400 < 0.01 mg/L > 99% 
108 mg Cr(VI)/ 
L-h 
Max. 0 to 
2 hours 
(Smith et al., 
2002) 
Milk SBRb 
200 mg/L as 
COD 
0.2 mg/L 1000 < 0.1 mg/L > 99% 






Milk SBR  200 mg/L 0.2 mg/L 1000 < 0.1 mg/L > 99% 









5,000 mg/L 30 mg/L 166.7 < 0.1 mg/L > 99% 
5.2 mg Cr(VI)/ 
L-h 








45 mg/L as COD 10 mg/L 4.5 < 0.03 > 99% 











5,000 mg/L 500 mg/L 10 0.01 mg/L > 99% 






a Zero Valent Iron 
b Sequencing Batch Reactors 
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2.3 Electron Donors for Perchlorate and Co-Contaminants Remediation 
As previously mentioned, the focus of this research is the bioremediation of perchlorate 
in the presence of multiple co-contaminants and in the presence of relatively high TDS levels 
using heterotrophic bacteria. In the absence of oxygen, heterotrophic bacteria will use available 
organic carbon as an electron donor and a carbon source to reduce oxygenated anions such as 
perchlorate, chlorate, nitrate, and hexavalent chromium. 
  In-situ and ex-situ remediation technologies require the proper selection of electron 
donors to promote bacterial growth for contaminant remediation. The USEPA (2013a) has 
published a summary of substrates commonly used for bioremediation, which were categorized 
under two types: quick and slow release. The substrate properties impacting selection include 
solubility, longevity, and cost, as well as the ability to be easily and readily consumed by 
heterotrophic bacteria. Table 2.5 shows the two categories of electron donors commonly used for 
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Quick-release substrates are typically dissolved or diluted in water and injected 
continuously or monthly depending on the contaminated site. Likewise, slow-release substrates 
are typically emulsified to be easily consumed by heterotrophic PRBs and typically added 
annually or every two to three years. The most common quick-release substrates used for 
 
38 
heterotrophic perchlorate reduction are acetate, ethanol, molasses, glycerol, methane, and acetic 
acid. Although there are different types of quick release substrates (Table 2.5), this research will 
evaluate molasses, determining their effectiveness on contaminant removal.  
Acetate is a simple molecule that allows for favorable microbial utilization, which makes 
this compound the most common electron donor and carbon source for heterotrophic perchlorate 
reduction. Perchlorate reduction follows first-order reduction kinetics when acetate is used as the 
electron donor. Most studies state that the ratio of acetate to perchlorate affects the rate and 
efficiency of perchlorate reduction. For example, Zhu et al. (2016) reported that minimal 
perchlorate reduction was observed without acetate, and the extent of perchlorate reduction 
increased when the amount of acetate was increased. While the presence of nitrate will likely 
impact perchlorate reduction, it can be minimized by adding an adequate amount of acetate. 
However, an excessive supply of acetate may lead to the incomplete oxidation of acetate and will 
likely cause residual acetate and fermentation metabolites, which can contribute significantly to 
secondary organic pollution (He et al., 2019).  
Ethanol has also been used as an electron donor for heterotrophic perchlorate reduction. It 
has also been used for biological denitrification and sulfate reduction. For example, Evans and 
Trute (2006) developed a microcosms test investigating the reduction of 93 µmol of nitrate and 
46 µmol of perchlorate using up to 200 µmol of hydrogen and up to 4410 µmol of ethanol as 
electron donors. They found ethanol was effective at completely degrading nitrate with and 
without additional moisture or nutrients. However, complete perchlorate reduction only occurred 
when additional moisture was supplemented in the microcosms. No perchlorate reduction 
occurred in the microcosms with the addition of nutrients only. They concluded that ethanol 
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promoted nitrate and perchlorate reduction. However, moisture content was an important factor 
(Evans and Trute, 2006).  
Similar to acetate and ethanol, molasses has been used as an organic electron donor for 
heterotrophic perchlorate reduction due to its low-cost and availability (He et al., 2019). 
Molasses is not a primary product from any manufacturing but rather a residual from sugar cane 
processing. It is mainly composed of sucrose, fructose, and glucose. Several studies have 
investigated heterotrophic perchlorate reduction using molasses. According to Upadhyaya et al. 
(2015), a carbohydrate-based electron donor (CBED) (i.e., molasses, glucose, high fructose corn 
syrup, and cellobiose) has been used as a substitute for acetic acid to treat perchlorate using fixed 
and fluidized bed reactors. However, in his study, the use of an electron donor similar to 
molasses showed to negatively impact perchlorate degradation. In the fixed-bed reactor 
developed by Upadhyaya et al. (2015), when acetic acid was used as a carbon source, full 
reduction of the initial perchlorate concentrations (200 ug/L) was achieved.  However, when 
CBED was used as an electron donor, perchlorate concentrations started to increase until 160 
ug/L. In the end, the study concluded that the use of a CBED demanded a longer EBCT, a higher 
COD, and more maintenance due to higher biomass production. Additionally, when the 
fermentation of molasses occurs, volatile fatty acid (VFA) is produced, causing acidification 
inside the reactor.  This imbalance can be corrected with the addition of salts or bases, such as 
sodium bicarbonate and sodium hydroxide (Bhatia and Yang, 2017; He et al., 2019).  
Aside from perchlorate, molasses has been used for the biodegradation Cr(VI), nitrate, 
and sulfate. It has been implemented in various Superfund sites for biological Cr(VI) reduction. 
For example, Hansen et al. (2017) used 0.02 M, 0.1M, and 0.2 M of molasses as electron donors 
to degrade Cr (VI) in sediments from a contaminated site. In the presence of molasses and after 
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50 hours  Cr(VI)  decreased from 0.01 mg/L to even before any biomass growth was noticed; the 
authors suggested potential abiotic reduction of Cr (VI) with molasses (USEPA, 2013b). At the 
Selma Superfund site, in-situ remediation was implemented by molasses injection into 
contaminated plumes to increase the metabolic activity of naturally occurring microorganisms 
able to reduce hexavalent chromium. Within three weeks, molasses was able to reduce the total 
chromium concentrations in the groundwater from 80 mg/L to undetectable levels within three 
weeks. 
In addition to Cr(VI) remediation, molasses has also been used to promote heterotrophic 
denitrification for nitrate removal. In a study by Lee et al. (2014), pilot-scale testing using three 
slowly-released molasses (SRM) to treat diluted groundwater containing 142 mg/L of nitrate was 
implemented. The SRM system dispersed 177 g of molasses at different times (Systems A, B, 
and C), with an apparent solubility of 6000 mg/L as COD. The three SRM systems were able to 
reduce the nitrate concentrations by 80%, 84%, and 79% for Systems A, B, and C, respectively. 
Additionally, they found that the slow-release molasses prevented pore-clogging and hydraulic 
disturbance, which allowed consistent nitrate removal.  
Lee et al. (2017) developed a field-test for nitrate remediation in an alluvial area in 
Korea, using an SRM system based on the results he found in the pilot-scale tests (Lee et al., 
2014). Up to 11 mg/L of nitrate was naturally occurring in the area, and a solution with 72 mg/L 
of nitrate was continuously injected. A similar SRM system was employed in the field test. The 
SRM system slowly dispersed 177 grams of molasses with a solubility of 6,000 mg/L as COD. In 
the field test, nitrate concentrations decreased up to only 44 mg/L, achieving only 38% removal 
efficiency, while in the pilot study, 79% removal was achieved. It was concluded that the 
significant differences in the results from the pilot and field-tests were associated with the 
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heterogeneity/anisotropy of the aquifer, DO concentration in the shallow groundwater, and the 
well distance of the SRM rods. Due to the large distance between the wells, molasses was not 
mixed properly with the nitrate from the contaminated groundwater. The authors suggested that a 
more detailed hydrogeological investigation of the site is needed to determine a better distance 
between the wells and promote a more effective contact time between the molasses and the 
nitrate in the groundwater (Lee et al., 2014, 2017).  
Although there have been sites where molasses has been applied and promoted successful 
biological degradation of contaminants, it has also posed several drawbacks when implemented. 
The main drawbacks of molasses include increased empty bed contact time, a higher chemical 
oxygen demand (COD), and more maintenance due to higher biomass production and 
contaminant load. The main disadvantages are mostly for perchlorate and nitrate reduction, while 
hexavalent chromium was easily degraded in the presence of molasses. 
Table 2.6 shows the impact of different organic electron donors and reactor types on 
perchlorate reduction parameters. Also, the studies showed the initial concentration of other 
contaminants present and the percent removal achieved for its reduction. 
The first five reported studies evaluated the reduction of perchlorate in the presence or 
absence of other competing anions (e.g., nitrate and sulfate) using acetate as an electron donor. 
All five studies achieved 99% removal; however, the reduction rates varied from 0.8 to 2,592 mg 
ClO4
-/L-d. The highest reduction rate was obtained in the study that reduced the highest initial 
perchlorate concentration (20 mg/L) with the lowest acetate concentration. Also, the lowest 
reduction rate was obtained during the reduction of the lowest initial perchlorate concentration 
(0.8 mg/L). As observed previously in Table 2.2 to Table 2.4, the initial concentration of 
contaminants is commonly found to be proportional to the reduction rate. In these studies, the 
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presence of nitrate concentrations varying from 0.9 to 325 mg NO3--N/L did not negatively 
impact perchlorate reduction. All four studies showed 99% nitrate reduction, while for the study 
with sulfate present, no degradation occurred. In addition, the contact time varied a lot in the 
studies, and an EBCT of 31 minutes showed the same perchlorate removal as the study with an 
EBCT of 15 hours.  
A Fixed Biofilm Reactor using 100 mg/L of acetate achieved a 99% reduction of an 
initial perchlorate concentration of 1 mg/L. However, using this type of reactor, only 98% of an 
initial nitrate concentration of 16 mg NO3--N/L was reduced with an EBCT of 8 hours. The last 
study reported, using acetate as an electron donor, evaluated the efficiency of an Activated 
Carbon Reactor on perchlorate and nitrate reduction. The reactor was able to remove only 94% 
of 5 mg/L of perchlorate with an EBCT of 113 minutes, and an initial concentration of 1.1 mg/L 
of nitrate was completely removed.  
A Flow-Through Bioreactor containing 250 mg/L of celite as electron donor was used for 
perchlorate removal in the presence of 5.9 mg/L of nitrate. The study used an initial perchlorate 
concentration of 0.738 mg/L, which was completely reduced with a residence time of 5 hours. 
Two other studies used ethanol as the electron donor in bioreactors (Columns and 
Fluidized-Bed Reactor) for perchlorate reduction. The column study used 346 mg/L of ethanol in 
the presence of 31.5 mg/L of perchlorate and 254 mg/L of nitrate. After 34 days, the results 
showed a maximum perchlorate reduction of only 39%, while nitrate was 97% reduced. The 
Fluidized-Bed Reactor used 9.46 mg/L of acetate in the presence of 2.6 mg/L of perchlorate and 
0.4 mg/L of nitrate. Even with a lower perchlorate concentration, only 95% of perchlorate was 
reduced; nitrate was completely reduced. However, this study used a lower concentration of 
ethanol, which could be less than necessary to achieve a complete reduction of perchlorate. 
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Another study also used a Fluidized-Bed Reactor (FBR); however, using a carbohydrate-based 
electron donor (CBED) and not specified by the author which type. The initial perchlorate 
concentration (0.2 mg/L) was much inferior to the previous FBR study (2.6 mg/L), and 97% of 
perchlorate reduction was achieved. The study also reported a complete reduction of nitrate and 
76% removal of sulfate. However, the reduction rate was much inferior (0.001 mg/L/day) and 
achieved with an EBCT of 43 minutes.  
The last two studies used similar types of carbohydrate-based electron donors, non-
specified and molasses, in a Fixed-Bed Reactor. The study using non-specified CBED achieved 
98% removal of the initial 0.2 mg/L of perchlorate. In addition, 15 mg/L of nitrate was 
completely reduced, and 76% of an initial 12.5 mg/L of sulfate was reduced. The study using 48 
mg/L of molasses achieved 99% of an initial 0.9 mg/L of perchlorate, while 0.45 mg/L of nitrate 
was only 75% reduced.  
Among all studies reported in Table 2.6, acetate was the electron donor that achieved the 
best reduction percent and rates of perchlorate and nitrate. CBED also showed a good reduction 
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2.4  Impact of Nutrients, Temperature, and pH in Perchlorate Reduction  
PRBs are commonly found in unsaturated vadose zones; thus, perchlorate reduction is 
favorable in these areas (Nozawa-Inoue, Scow and Rolston, 2005). However, in the unsaturated 
vadose zones, PRBs are deemed to be ineffective to biologically reduce perchlorate and chlorate 
without the presence of an electron donor/carbon source or enough nutrients and conditions for 
its metabolic activity. Thus, aside from the importance of electron donor/ carbon availability 
(discussed in Section 2.2.2), microbial growth also requires macro and micronutrients. The 
macronutrients nitrogen and phosphorus are the most important nutrients to promote bacteria 
growth and, if not naturally available, must be provided through amendments (Rittmann and 
McCarty, 2001a). Most groundwater will contain enough needed micronutrients, and typically 
addition is not needed.  In this research, nitrogen and phosphorus will be supplemented through 
the addition of urea-diammonium phosphate, and its effect will be discussed later. Another 
important factor that requires control is temperature. Most PRBs require a temperature between 
30 and 39°C for optimum growth (Panda et al., 2018). However, thermophilic bacteria are 
known to thrive at high temperatures, usually above 45°C (Panda et al., 2018). Therefore, 
mitigation efforts must be performed to minimize the impact of elevated temperatures and 
control the excessive proliferation of heterotrophic PRB in the bioreactor. The last parameter that 
significantly impacts microbial growth is pH. According to Xu et al. (2015), PRBs are more 
effective under neutral pH within the range of 6 to 8.  
2.5 Impact of Co-contaminants in Perchlorate Reduction 
As previously mentioned in Section 2.2, PRBs require electron donor for (per)chlorate 
reduction. In the presence of multiple contaminants, these microorganisms can be exposed to 
multiple acceptors and should utilize the electron acceptors that will provide them with the 
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largest amount of energy. Nitrate is known to be preferred over perchlorate as an electron 
acceptor by most PRBs (Xu et al., 2015). The inhibition mechanism of nitrate on perchlorate 
reduction is unknown; however, it is likely due to being related to the reduction-oxidation 
(redox) potential of nitrate and perchlorate reduction, which are in the same range (between 180 
to 200 mV) (Carlson et al., 2015). Based on the latest literature, Choi and Silverstein (2008) 
acknowledged that nitrate and other electron acceptors, including Cr(VI) and chlorate, may limit 
the effect of perchlorate reduction.  
Based on microbial thermodynamics and oxidation/reduction free energy described in 
Section 2.2.1, the most common preferential reduction is nitrate reduction, and subsequently 
perchlorate reduction (Urbansky, 2000; Rittmann and McCarty, 2001b). However, some studies 
showed an inverse reduction pathway, where perchlorate reduced first then followed by nitrate. 
For example, Xu et al. (2015) evaluated concomitant nitrate and perchlorate reduction using 
batch microcosms with heterotrophic PRB isolated (Azospira sp. KJ) at varying pH conditions. 
They found that nitrate reduction was inhibited by (per)chlorate in the batch microcosms 
containing 500 mg/L of nitrate and perchlorate. In addition to (Xu et al., 2015), Choi and 
Silverstein (2008) developed a fixed biofilm reactor containing 1 mg/L of perchlorate and 10 to 
16 mg/L of nitrate with carbon addition (i.e., acetate). The study investigated the inhibition of 
perchlorate reduction by the presence of nitrate. In controversy to Xu et al. (2015), the results 
showed simultaneous perchlorate and nitrate reduction with an acetate mass C:N ratio of 2:1. 
Complete denitrification was also observed immediately after the nitrate was added into the 
reactor without any observed nitrite in any of the samples. However, when acetate was decreased 
by half, nitrate and perchlorate reductions dropped significantly. Perchlorate reduction decreased 
from 100% to 30%, while nitrate reduction declined from 100% to 80%, thus suggesting nitrate 
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reduction is favored under limited substrate conditions. Consequently, when the acetate was 
increased to a 2.5:1 ratio, complete perchlorate and nitrate reduction was observed. In this study, 
it does show nitrate is favored under carbon-limited environment over perchlorate, while 
simultaneous perchlorate and nitrate reductions were observed when greater than 2:1 ratio was 
applied.  
Biological removal is the most common remediation approach for Cr(VI); however, in 
the presence of molasses, Cr(VI) can be reduced to Cr(III) through abiotic chemical reduction 
(Chen et al., 2015). Under this process, Cr(VI) accepts electron donors from the phenolic 
hydroxyl group of molasses, and it is then reduced to Cr(III). The conversion of Cr(VI) to Cr(III) 
also oxidizes the phenolic hydroxyl group to quinone (Chen et al., 2015). Therefore, the precise 
reduction pathway for Cr(VI) in the presence of molasses must be evaluated to distinguish if it is 
either through an abiotic or biological pathway in the presence of other contaminants.   
As previously mentioned in Section 2.1.2,  chlorate is generated in the pulp and paper 
industry but can also be a byproduct of perchlorate reduction, and it is commonly present where 
perchlorate contamination exists (Alfredo, 2014). Also, except for exclusive chlorate reducers 
(e.g., Ideonella dechloratans, Pseudomonas chloritidismutans strain ASK-1, and Alicycliphilus 
denitrificans strain BC), most of the PRBs are capable of degrading perchlorate and chlorate, 
though some studies shown chlorate inhibition on perchlorate reduction (Alfredo, 2014; Xu et 
al., 2015). For example, Xu et al. (2015) evaluated a system containing 500 mg/L of chlorate and 
perchlorate using Azospira sp. KJ, a known PRB. Findings showed inhibition of perchlorate 
reduction in the presence of chlorate. Furthermore, perchlorate reduction occurred only when all 
chlorate was consumed by the bacteria, confirming the preference of Azospira sp. KJ for chlorate 
over perchlorate (Xu et al., 2015). In their study, findings also showed a faster reduction rate of 
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chlorate (12.5 mg/L/hr) over perchlorate (8.33 mg/L/hr). This study support that the presence of 
chlorate can likely inhibit perchlorate reduction. Furthermore, until all chlorate is reduced, only 
then perchlorate reduction had occurred (Xu et al., 2015).  
2.6 Impact of High Salinity in (Per)chlorate Reduction 
Halotolerant bacteria are classified as microorganisms capable of growing under saline 
conditions (e.g., cyanobacteria), while halophiles are classified as microorganisms that only 
survives in high salinity environments (Rahman, Siddique and Tabassum, 2017). Based on the 
review by Kushner (1993), there are several categories of halophilic and halotolerant bacteria. 
Kushner (1993) placed halophiles into five categories: non-halophiles, slight halophiles, 
moderate halophiles, borderline halophiles, and extreme halophiles. As defined by Kushner 
(1993), non-halophiles only survive in salt concentrations less than <1.17%. Furthermore, slight 
halophiles thrive in salt concentrations between 1.2% to 11.7%, while extreme halophiles in salt 
concentrations between 11.7% to 30.4%. In addition to slight and extreme halophiles, Kushner 
(1993) also determined moderate and border extreme halophiles. Moderate halophiles tolerate 
salt concentrations between 2.3% to 20.5%, which is twice greater than slight halophiles, while 
borderline extreme halophiles can survive and thrive in salt concentrations between 5.8% to 
23.4%. 
According to Gingras and Batista (2002), during an evaluation of biological reduction of 
perchlorate under high salinity, perchlorate biodegradation rate reduced by 50% in the presence 
of 0.5% of salt (5 mg/day) and further reduced by 90% in the presence of 1 to 1.5% of salt. In 
addition, Chung, Nerenberg, and Rittmann (2007) compared biological perchlorate reduction in 
undiluted brine with 15% salinity and diluted brine with 11.14%, 7.5%, 3.75%, and 1.5% 
salinity; the diluted and undiluted brine solutions contained 170 mg/L of perchlorate.  The 
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biomass was acclimated using 2.8% salinity by recirculation within the membrane biofilm 
reactor (MBfR) for 24 hours until active biomass was observable. The experiment obtained a 
perchlorate flux of 0.2 mg/m2day for the undiluted brine water (with 15% salinity), while the 
brine water with 7.5% and 1.5% salinity showed an increased flux of 0.8 and 1.5 mg/m2day, 
respectively. In addition, the authors developed a synthetic high-strength salt medium containing 
500 mg/L of perchlorate and 1, 2, and 4% NaCl solutions. The results showed a complete 
reduction of perchlorate at 1% salinity and a good reduction rate for the 2% salinity medium, 
while at 4% salinity the reduction rate decreased by 40%. Based on both studies presented in this 
section, waters containing salinity greater than 1% inhibited biological perchlorate reduction. 
The equilibrium of the cell membrane, osmotic pressure control, and enzyme activity are 
regulated by the presence of adequate inorganic salts, such as Cl-, SO4
-2, PO4
-3, Mg2+, and Ca2+. 
Microbial cells, when in the presence of high salinity, have their osmotic pressure increased, 
separating the microbial plasma, compromising enzyme’s metabolic activity and structure, 
consequently inhibiting microbial growth (Koser et al., 1938; He et al., 2017; Yang, Xu and Zhu, 




Chapter 3  Methodology of Soil and Groundwater Analysis 
3.1 Soil Characterization 
3.1.1 Soil Preparation 
The soil used in this project was obtained from boreholes U4-E-01D, U4-E-02D, U4-E-
04D, and U4-E-05D (hereinafter referred to as 01D, 02D, 04D, and 05D) drilled at a 
contaminated site at depths of 75-85 ft-bgs, 85-95 ft-bgs, 95-105 ft-bgs, and 105-115 ft-bgs 
(Table 3.1). The soil samples were collected in chlorine disinfected plastic buckets. The soil was 
removed from one bucket at a time and placed into cleaned paint pans to sort large rock pieces. 
Once sorted, the soil was placed back into each container. About 200 g from each bucket were 
taken and tested for moisture content, pH, and contaminant concentrations (i.e., through soil 
extraction with deionized water). About 2 kg of soil from depths of 75 to 85 ft-bgs from each 
borehole were mixed into a large paint pan to obtain a composite sample to be used in the 
intermediate column testing (Columns C and D). A blended soil sample from the 95 to 105 ft-bgs 
from each borehole was prepared to be used for the deep column testing (Columns A and B). The 
blended soil was well mixed using large wooden spoons, and the larger pieces were broken into 
smaller pieces to facilitate the drying process. The soil pans were loosely covered with cotton 
towels and set to dry outside in the sun at approximately 30°C for three days. Samples were 
mixed three times a day to facilitate drying. After drying, the clayey soil samples were pelletized, 
and it was necessary to use a rubber hammer to break the clay pellets. Next, the samples were 
passed through a metal strainer to obtain a size that would allow packing into the columns.  
 The first attempt to pack the columns using the soils from the site failed; the material 
expanded once wetted, and passing water through it, even with pressures of 20-40 psi, was not 
feasible. In the field, the soil structure allows for percolation through the material.  However, 
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once removed, the soil loses its structure, and percolation is no longer possible. To overcome this 
challenge, it was decided to mix the soils with sand to allow for a water velocity closer to that 
found in the field. Upon several trials, it was decided that a ratio of 60% of sand to 40% of soil 
was sufficient. The two blended soils were mixed with sand, using the aforementioned method, 
and packed into the corresponding column, using a small addition of the materials and a rubber 
hammer to tightly pack the materials into the columns. 
 
 
Table 3.1 - Borehole number, depth, and date of collected soil samples. 
Borehole  ID Depth (ft.) Collection Date 
U4-E-01D 75-85 5/8/2018 
U4-E-01D 85-95 5/8/2018 
U4-E-01D 95-105 5/8/2018 
U4-E-01D 105-115 5/8/2018 
U4-E-02D 75-85 5/10/2018 
U4-E-02D 85-95 5/10/2018 
U4-E-02D 95-105 5/10/2018 
U4-E-02D 105-115 5/10/2018 
U4-E-04D 75-85 5/14/2018 
U4-E-04D 85-95 5/14/2018 
U4-E-04D 95-105 5/14/2018 
U4-E-04D 105-115 5/14/2018 
U4-E-05D 75-85 5/16/2018 
U4-E-05D 85-95 5/16/2018 
U4-E-05D 95-105 5/16/2018 




3.1.2 Soil Moisture Analyses 
Soil samples from different boreholes and depths (Table 3.1) were taken and weighed in 
aluminum dishes in duplicates. The soil mass and the soil plus aluminum dish mass are reported 
in Table 3.2.  
 
54 
Table 3.2 - Weighed soil mass used for soil moisture content analysis for each type of soil. 
Borehole ID Depth Soil mass (g) Soil + aluminum dish mass (g) 
01D 
75’ – 85’ 30.0786 32.6315 
30.0225 32.5646 
85’ – 95’ 30.0401 32.5707 
30.0442 32.5867 
95’ – 105’ 30.6879 33.1988 
30.5761 33.1078 
105’ – 115’ 30.011 32.5347 
30.0678 32.5914 
02D 
75’ – 85’ 30.0377 32.5738 
30.0200 32.5548 
85’ – 95’ 30.0071 32.5456 
30.019 32.5676 
95’ – 105’ 30.0293 32.5623 
30.0067 32.5596 
105’ – 115’ 30.0868 32.5990 
30.0501 32.6008 
04D 
75’ – 85’ 30.0972 32.6490 
30.0363 32.5904 
85’ – 95’ 30.8750 33.4020 
30.8516 33.4025 
95’ – 105’ 30.0183 32.5766 
30.0088 32.5663 
105’ – 115’ 30.0115 32.5621 
30.0356 32.5819 
05D 
75’ – 85’ 30.0326 32.5652 
30.0944 32.6238 
85’ – 95’ 30.0102 32.4330 
30.0351 32.5125 
95’ – 105’ 30.0840 32.6489 
30.0707 32.6004 




75’ – 85’ 30.0865 32.6438 
30.0370 32.6025 





The samples placed into the aluminum dishes were dried at 101°C for 24 hours. After 24 
hours, the dried soil was weighed, and the moisture content was calculated using Equation 3.1, 
expressed on a wet soil basis. 
 
Equation 3.1 - Moisture content determination formula on a wet basis. 
Moisture content (%)=
Mass of Wet Soil-Mass of Dry Soil
Mass of Wet Soil
 ×100  
 
For volatile content determination, the same samples were burned in a furnace at 550°C 
for one hour. After being burned and cooled down, the samples were weighed again, and the 
volatile content was calculated using Equation 3.2. 
 
Equation 3.2 - Volatile content determination formula on a wet basis. 
Volatile content (%)=
Mass of Dry soil-Mass of Soil after Burning
Mass of Wet Soil
 ×100  
 
Soil moisture analyses were also performed at the end of the experiment, after 380 days 
of operation, following the same procedures previously described. Table 3.3 shows the mass of 
soil taken from each column for moisture content analysis. This test was needed for the ability to 
express the remaining contaminant concentration on a dry soil basis.  
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Table 3.3 - Weighed soil mass used for soil moisture content analysis for each column post-test. 
Sample Wet soil mass (g) Wet soil + aluminum dish mass (g) 
Column A 51.0134 55.3429 
50.0196 54.3368 
Column B 50.5440 54.8910 
50.8328 55.1337 
Column C 50.4034 54.6543 
50.4129 54.7606 




3.1.3 Soil Extraction 
Extraction of the soil samples with high-quality deionized (DI) water (18 megaohms-cm) 
was performed to quantify the contaminants present in the soil. It has been established by past 
researchers that perchlorate and chlorate are highly soluble ions and can be extracted by multiple 
rinses with DI water. For the soil extraction tests, approximately 20 grams of wet soil sample 
was weighed in an aluminum dish (Table 3.4) and transferred to a 50 ml plastic centrifuge bottle. 
Thirty milliliters (30 mL) of DI water were added to the centrifuge bottle, and the contents of the 
bottles were mixed in a tumbler at 30 rpm for one day. After 24 hours of mixing, the tubes were 
centrifuged at 3,600 rpm for one hour at 24°C. Following centrifugation, the liquid phase was 
decanted and filtered, and its volume was measured. The soil phase (i.e., soil pellet) remained at 
the bottom of the centrifuge tube. The extraction procedure was repeated two more times by 
adding DI water to the remaining soil pellets, mixing for 24 hours in the tumbler, and 
centrifuging again. The extracts were then filtered with a 0.2 – 0.45 µm membrane filter and 
were analyzed for nitrate, phosphate, ammonia, hexavalent chromium (Cr(VI)), chlorate, and 
perchlorate. Soil samples were extracted in duplicates. The analytical methods used to quantify 
the contaminants are described in Table 3.5 in Section 3.2. 
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Table 3.4 - Weighed soil mass used for soil extraction analysis for each type of soil tested. 
Borehole ID Depth Soil mass (g) Soil + aluminum dish mass (g) 
01D 




85’ – 95’ 20.2290 34.1226 
20.1877 34.3288 
95’ – 105’ 20.1836 34.2567 
20.1594 34.1870 
105’ – 115’ 20.1250 34.2467 
20.2540 34.3766 
02D 
75’ – 85’ 20.1945 34.4187 
20.1153 34.3423 
85’ – 95’ 20.5151 34.6405 
20.4978 34.7454 
95’ – 105’ 20.4160 34.4657 
20.3106 34.8737 
105’ – 115’ 20.0087 33.9277 
20.0655 34.2545 
04D 
75’ – 85’ 20.0361 34.8396 
20.0153 33.9599 
85’ – 95’ 20.0035 32.7344 
20.0457 33.9650 
95’ – 105’ 20.0844 34.1624 
20.0795 34.0390 
105’ – 115’ 20.0130 34.9027 
20.0047 33.9926 
05D 
75’ – 85’ 20.0210 33.9740 
20.0331 34.4883 
85’ – 95’ 20.0433 34.0030 
20.0201 34.6159 
95’ – 105’ 20.0067 34.0387 
20.0086 33.8045 




75’ – 85’ 20.1742  ND* 
20.3360 ND 








3.1.4 X-Ray Diffraction Soil Analysis 
An analysis of the soil’s mineralogical composition was performed using X-ray 
diffraction. Soil samples from Well M-251 (100 to 110 ft bgs) and Well M-253 (82 to 96 ft bgs) 
were sent to the University of British Columbia for X-ray diffraction analysis (Martin, 2020). 
Wells M-251 and M-253 are located about twenty feet from the wells used in this study. It will 
be assumed in this study that the mineralogical compositions are similar among these wells.  
 
3.2 Groundwater Analyses  
The groundwater used in this study was collected from wells drilled at the same 
contaminated site from which the soil samples were obtained. The groundwater samples were 
collected using disinfected 5-gallon plastic buckets and stored under refrigeration at 4°C. For 
each well (U4-E-05D, U4-E-01I, and U4-E-02I; hereinafter referred to as Wells 05D, 01I, and 
02I), the received groundwater containers from each sampling event were blended to prevent any 
difference in the contaminants’ concentrations. The blended groundwater samples were tested for 
nitrate, chromium, chlorate, perchlorate, chloride, COD, TDS, total metals, phosphate, and 
ammonia. Table 3.5 shows the analytical method number and the method detection limit for each 
of the contaminants analyzed.  
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Table 3.5 - Analytical methods used by laboratories in contaminant quantification. 
Contaminant Laboratory Method Method Detection Limit 
Nitrate 





0.2 mg/L as N 
Hexavalent 
Chromium 
University of Nevada Las Vegas Hach 8023 0.01 mg/L 
Chlorate Test America and UNLV EPA 300.1B 0.1 mg/L 
Perchlorate Test America and UNLV  EPA 314.0LL 0.05 mg/L 
Chloride 






COD University of Nevada Las Vegas Hach 8000 
3 mg/L (LR) 
20 mg/L (HR) 




Utah State University Analytical 
Laboratory (USUAL) 
Direct analysis 
on Thermo iCAP 
6300 ICP-AES 
0.001 mg/L (except K 
0.005 mg/L, P 0.03 mg/L, 
S 0.01 mg/L, Se 0.025 
mg/L) 
Phosphate University of Nevada Las Vegas Hach 8048 0.02 mg/L as PO4-3 
Ammonia University of Nevada Las Vegas 
Hach 10023 
(LR)/10031 (HR) 
0.02 mg/L as NH3-N (LR) 
0.4 mg/L as NH3-N (HR) 
 
 
3.3 Bench-Scale Packed Bioreactor Set-Up  
Four 2-inch diameter, 4-ft tall experimental columns were built using Plexiglas acrylic 
piping and polyvinyl chloride (PVC) fittings and valves as influent and effluent ports. Columns 
A and B (collectively referred to as the deep columns) were packed with a mixture of 60% sand 
and 40% soil, by volume, from the blended soils at 95-105 ft-bgs. Columns C and D (collectively 
referred to as the intermediate columns) were packed with a mixture of 60% sand and 40% soil 
from blended soils collected at 75-85 ft-bgs. The sand used was Cemex 30 mesh clean, graded, 
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and kiln-dried Monterey sand. The volume of sand and soil added in each column were 741 mL 
and 494 mL, respectively. Before packing the columns with the mixed soil and sand, two inches 
of multilayers, including various sizes of sand, washed gravel, and glass beads, were placed as a 
base to build a support bed for the sand and soil mixture (Figures 3.1 and 3.2). The total height of 
the support bed was 12 inches (Figure 3.3). The first base layer was made with angular rocks, 
followed by white gravel, then pea gravel, glass beads (3 mm), sand with mesh size 45, and sand 
with mesh size 20. PVC ball valves were attached to the bottoms of the columns. After packing 
each column, another screw cap with tubing was attached to the top of the column to serve as an 
















3.3.1 Bioreactor Column Operation 
The columns were fed with raw and/or diluted groundwater from the site (Well 05D for 
deep columns, and Wells 01I or 02I for intermediate columns), amended with molasses as the 
carbon source, urea/diammonium phosphate (DAP) as a source of N and P, sodium bicarbonate 
to adjust pH, and vitamin B-12 as a micronutrient. For the intermediate columns, the feed 
solution was prepared with the groundwater U4-E-01I. However, from Day 73 until Day 130, 
groundwater from well U4-E-02I was collected and used temporarily. After Day 130, the feed 
solution was reverted to groundwater U4-E-01I. 
The columns were fed with centrifugal pumps attached to an in-house-built pressure 
regulating gauge and valve to adjust the operating pressures. Columns were operated mostly 
between 5 to 10 psi. The feed solution, as well as the effluent, were placed in 2-L plastic pitchers 
stored in a cooler filled with ice to keep the temperature around 4°C (Figure 3.4). Due to the 
addition of bacterial culture, significant heat is released during microbial processes, such as 
microbial growth (Maskow et al., 2010). Therefore, the ice had to be replaced twice a day to 
keep the samples cool and prevent any biodegradation from occurring inside the feed and 
effluent containers. Samples of influent feed and effluent were collected three times a week to be 
analyzed for several parameters; these parameters included perchlorate, chlorate, nitrate, Cr(VI), 
pH, TOC, COD, total metals, chloride, ammonium, and phosphate.   
The influent was applied down flow, using a booster pump (Aquatec, 10 to 36 GPD) that 
conveyed the solution from the influent feed container to the top of the columns. The influent 
was kept in plastic jars, inside the coolers filled with ice. During the 380-day experimental 
period, the influent composition was varied to investigate the impact of several parameters. The 
changes in influent composition are described in detail in Section 2.4.  
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From Day 1 to Day 25, groundwater alone from Well 05D was recirculated in Columns A 
and B, and groundwater from Well 01I recirculated in Columns C and D. Recirculation was 
needed to acclimate the microbes to the column environment, as well as to reduce the extremely 
high concentration of Cr(VI) that was released by the soil into the effluent stream. The 




Figure 3.4 – Experimental setup, including 4 columns to test the potential biological reduction of the contaminants. 
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3.4 Influent Feed Characterization 
The influent feed solution was prepared with groundwater from a contaminated site (Well 
05D for Columns A and B, and Wells 01I or 02I for Columns C and D), Lake Mead water for 
dilution, molasses, vitamin B 12, sodium carbonate, 39% urea/DAP blend solution, and sludge 
from existing ex-situ bioreactors operated at the site. Bacterial macronutrients, ammonia, and 
phosphate were added as a 39% blend of urea-diammonium phosphate. Vitamin B-12 was added 
as a co-factor, as it is known to speed up anaerobic degradation. The addition of molasses 
resulted in low pH, and sodium bicarbonate was used to increase the pH to the neutral range. 
Table 3.6 shows all the amendments, concentrations, and purposes of the influent feed solutions 
for the experiment. During the experiment, the concentrations of the components changed based 
on the analyses and according to the demand. Table 3.7 shows the feed composition, over the 
months, applied for Columns A and B, while Table 3.8 shows the feed composition, over the 
months, for Columns C and D.  
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Table 3.6 - Concentrations of amendments and their specifications used to prepare feed solution. 
Amendment Unit 
Amount added in one liter 
of feed solution 
Purpose 
Groundwater 1 part N/A* Source of contaminants 
Lake Mead water 3 parts N/A Dilution purpose 
Molasses Stock mL of molasses/L 4 mL 




g of NaHCO3/ L 0.462 g pH buffer 
Vitamin B12 g of Vitamin B12/ L 0.0048 g Nutrient for bacteria 
DAP 
mg of P/mL 
mg of N/mL 
50.8 mg of P 
230.6 mg of N 
Nutrient for bacteria 
Sludge mL 
5 mL (Day 1 to Day 181). 







Table 3.7 - Feed solution composition over time for Columns A and B. 
Feed for Columns A and B 
Period 1 Period 2 Period 3 Period 4 Period 5 

































Groundwater 05D  N/A* 250 mL 250 mL 250 mL 250 mL 984 mL 
Lake Mead water  N/A 729 mL 744 mL 739 mL 734 mL None 
Molasses Stock  400 mL/L of DI 10 mL  None 5 mL 10 mL 10 mL 
Sodium Carbonate  92.4 g/L 5 mL 5 mL 5 mL 5 mL 5 mL 
Vitamin B12 48 g/L 0.1 mL 0.1 mL 0.1 mL 0.1 mL 0.1 mL 
DAP  
50.8 mg of P/mL  
230.6 mg of N/ml 
1 mL 1 mL 1 mL 1 mL 1 mL 





Table 3.8 - Feed composition over time for Columns C and D. 
Feed for Columns C and D 
Period 1 Period 2 Period 3 Period 4 Period 5 



































 N/A* 250 mL 250 mL 250 mL 250 mL 984 mL 
Lake Mead 
water 
 N/A 729 mL 744 mL 739 mL 734 mL None 
Molasses 
Stock 
 400 mL/L of DI 10 mL None 5 mL 10 mL 5 mL 
Sodium 
Carbonate 
 92.4 g/L 5 mL 5 mL 5 mL 5 mL 5 mL 
Vitamin B12 48 g/L 0.1 mL 0.1 mL 0.1 mL 0.1 mL 0.1 mL 
DAP  
50.8 mg of P/mL  
230.6 mg of 
N/ml 
1 mL 1 mL 1 mL 1 mL 1 mL 




To facilitate the feed solution preparation for the columns, 10 liters of influent solution 
were prepared by adding all of the amendments except the urea/DAP and keeping the mixture in 
the refrigerator. The urea/DAP was added immediately before feeding the solution to the 
columns. Not adding nutrients to solutions to be stored minimizes the risk of biodegradation 




3.5 Effluent Collection and Analyses 
From Day 1 until Day 349, effluent samples were collected three times a week. From 
Day 349 until the end, the flow rate decreased due to biomass growth in the effluent valves and 
within the columns. From Day 349 to the end of the experiment, samples were collected only 
two times a week. Table 3.9 shows the frequency of sample collection and analysis for the 
components of interest in the column experiments. 
 
 
Table 3.9 - Frequency of analyses performed for each contaminant in collected effluent samples. 
Contaminant  
Day 1 until Day 349 Day 349 until Day 380 
Frequency of analysis Frequency of analysis 
Nitrate Once a week Once a week 
Chromium All samples All samples 
Chlorate Once a week Once a week 
Perchlorate Once a week Once a week 
Chloride Once a week Once a week 
COD Once a week  Once a week 
TDS Every two weeks None 
Total Elemental Scan Sporadically None 
Phosphate Once a week Every two weeks 
Ammonia Once a week Every two weeks 
 
 
As previously mentioned, the effluent samples were collected in a plastic pitcher for each 
column. For each sample collection, the volume was measured using a graduated cylinder. The 
measured volume, coupled with the time of operation, was used to compute the flow rate of 
groundwater through the columns. For each sample collected, twelve 15-mL centrifuge tubes 
were filled with the sample and centrifuged for one hour. The supernatant was poured into a 100 
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mL beaker and filtered with a 0.45 μm membrane syringe filter. After filtration, three 20-mL 
vials for each column were stored in the refrigerator. The remaining volume of samples was 
tested for pH and chromium. For Cr(VI) measurement, Hach DR-900 colorimeter (Method 8023) 
was used.  The testing of some contaminants was performed by an external laboratory. The 
samples were packed upright in a cooler with ice packs and shipped overnight to the destinations. 
Other components of interest were analyzed using the methods listed in Table 3.5. 
3.5.1 Empty Bed Contact Time  
Based on the column design described in Section 3.3, the internal volume of the column 
was calculated based on the internal diameter (ID) of 2 inches, using Equation 3.3. The 
calculated area is 0.022 ft2 and is the same for all four columns. The columns were packed to an 
initial height of 24 inches. Upon pressurizing with 40-60 psi, the contents of the columns were 
compressed to 22.5 inches for Column A, 21.5 inches for Column B, 19 inches for Column C, 
and 18.5 inches for Column D. It was possible to calculate the compacted volume of soil for each 
column by using the column area multiplied by the height of compacted soil (Table 3.10).  




























Column A 22.5 1.88 2 0.022 0.041 1.16 1158.13 
Column B 21.5 1.79 2 0.022 0.039 1.11 1106.65 
Column C 19.0 1.58 2 0.022 0.035 0.98 977.97 
Column D 18.5 1.54 2 0.022 0.034 0.95 952.24 
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The empty bed contact time (EBCT), the average time the water spends in the column, 
can be computed by dividing the volume of the compacted soil and sand mixture by the water 
flow rate through the column. EBCT values were computed for every sampling day during the 
experimental period.   
3.5.2 Chloride Generation Computations  
As shown in Figure 2.1, perchlorate and chlorate are reduced to chloride by PRBs. In 
addition, the groundwater samples themselves contained chloride. Therefore, a mass balance of 
chloride can be performed as a second proof of the degradation of these contaminants. This is 
possible because the initial amount of chloride in the sample is relatively smaller than the 
amount of chloride that will be generated from the degradation of chlorate and perchlorate.  
To perform the mass balance of chloride in the columns, chloride concentrations were 
measured in the influent and effluent streams. Next, the theoretical amount of chloride generated 
from the degradation of chlorate and perchlorate was computed by Equation 3.4 and Equation 
3.5.  
 













































The theoretical chloride generated through perchlorate and chlorate degradation was 
obtained by the sum of the results from Equation 3.4 and Equation 3.5. The total chloride 
concentration, expected to be present in the groundwater after degradation, was calculated by the 
sum of the theoretical chloride (from perchlorate and chlorate degradation) and the measured 
chloride present in the initial groundwater (Equation 3.6). 
 
Equation 3.6 – Total chloride concentration . 
[Cl-](mg/L) = Theoretical chloride + Chloride measured in groundwater 
 
The percentage of chloride generated from degradation was calculated using Equation 
3.7. This percentage is important to evaluate how much of chloride concentration is coming from 
degradation or from the initial concentration present in the groundwater.  
 
Equation 3.7 – Percentage of chloride generated from chlorate and perchlorate degradation. 
% [Cl-]=




The ratio between the chloride generated from chlorate and perchlorate degradation, and 
the chloride present in the groundwater was calculated using Equation 3.8. The ratio is an 
important parameter to analyze the proportion of chloride generated through the degradation of 
chlorate and perchlorate and the chloride present in the initial groundwater samples. These ratios 
are a function of the amount of initial chloride present in the water and the amount of 




Equation 3.8 – Ratio between chloride generated from chlorate and perchlorate degradation and 
initial chloride measured in the groundwater. 
𝑅𝑎𝑡𝑖𝑜 =
Theoretical chloride from degradation
Chloride measured in the groundwater
 
 
The average of chloride concentrations measured in the effluent (Section 5.4.3), was 
calculated during the period where chlorate and perchlorate degradation occurred (from Day 120 
to Day 180).  Using the average effluent chloride concentrations, the ratio between the total 
expected chloride and the effluent chloride was determined using Equation 3.9. If the computed 
ratio is close to one, it means that complete biodegradation took place during the period of 
observation.  
 
Equation 3.9 – Ratio between chloride generated from chlorate and perchlorate degradation and 






3.6 Post Experiment Soil Analyses  
3.6.1 Post-Experiment Soil Extrusion 
After the experiment ended, the columns were drained. After draining, the columns were 
placed horizontally on a sterilized table. Next, each column was cut with a hand saw, at one inch 
from the beginning of the soil layer (Figure 3.5). The saw was then washed in DI and dried 
before cutting the column again at the top of the first base layer, the sand layer (Figure 3.6). In 
the end, the column was cut into three pieces: empty PVC pipe plus the top part, PVC pipe 









Figure 3.6 - Second cut separating the soil layer from the base layers. 
 
 
Some soil was extracted from the caps and bodies of the empty PVC pipes, from all 
columns, for microbial analyses (Figure 3.7). The majority of the soil was extracted from the 
second piece of the pipe using utensils and a rubber hammer. The soil was placed into previously 
sterilized plastic trays and mixed very well (Figure 3.8). The last parts, containing the base 
layers, were stored in closed plastic bags in a refrigerator for any desired future analyses. The 
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mixture of sand and soil that was in the columns was used for chemical and microbiological 









Figure 3.8 - Soil being mixed after it was removed from the inside of the column. 
 
 
3.6.2 Post-Experiment Soil Extraction 
The mixture of soil and sand that were removed from the columns at the end of the 
experiment was also used for extraction with DI water to determine if contaminants accumulated 
in the columns. A similar extraction procedure to the one described in Section 3.1.3 was used. 
Approximately 50 grams of the soil from each column was weighed and transferred to a 250 ml 
plastic centrifuge bottle. One hundred fifty milliliters of DI water were added to the centrifuge 
bottle, and the contents of the bottles were mixed until a solution was formed. After mixing, the 
tubes were centrifuged at 3,600 rpm for one hour at 24°C. After centrifugation, the supernatant 
was measured in a graduated cylinder and filtered with a 0.45 μm pore size paper filter.  The soil 
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phase (i.e., soil pellet) remained at the bottom of the centrifuge tube. The extraction procedure 
was repeated two more times by adding DI water to the remaining soil pellet, mixing, and 
centrifuging again. Therefore, in total, soil samples were extracted with DI water three times. 
The filtered extracts were analyzed for perchlorate, chlorate, nitrate, chloride, phosphate, 
ammonia, Cr(VI), total chromium, COD, TOC, and metals. Table 3.11 shows all the samples that 




Table 3.11 - Weighed soil mass and DI water volume used for soil extraction for each column’s 
tested soil. 
 
Sample ID Replicate Soil mass (g) DI water added (mL) 
Column A 
R1 49.2993 150 
R2 51.6644 150 
Column B 
R1 53.5832 150 
R2 51.4735 150 
Column C 
R1 50.8983 150 
R2 51.7550 150 
Column D 
R1 52.2376 150 
R2 51.6575 150 
 
 
3.6.3 Post-Experiment Microbial Analyses 
As mention in Section 3.6.1, the soil samples were collected for microbial analyses. After 
the columns’ content was extruded, the soils from deep columns (Columns A and B) were 
combined, as well as the soils from intermediate columns (Column C and D). Around 100 grams 
of the soil samples were placed in a sterile glass vial using a sterile and disposable wood spatula. 
The glass vials were closed and sealed with parafilm and placed into a cooler with ice, and 
shipped overnight to the Microbial Insights Laboratory. The samples were tested for bacterial 
census and profiling (i.e., Next Generation Sequencing (NGS)) and for quantitative polymerase 
chain reaction (qPCR) of genes that encode for enzymes reducing perchlorate (pcrA) and nitrate 
(nirS and nirK). The NGS analysis is performed using genomic DNA, and since it is a DNA-




3.7 Quality Assurance and Quality Control 
Quality assurance and quality control (QA/QC) was implemented to monitor the quality 
of the collected data and certify that the data was correctly analyzed and reported. The QA/QC 
included influent solution preparation and storage, effluent sample collection and conservation 
procedures, bioreactors efficiency and maintenance, equipment calibration, safety, and waste 
disposal, and data quality. 
3.7.1 Influent Solution 
The influent solution composition was prepared based on Section 3.4 and in batches of 
ten liters when needed. The quality control procedures for the influent solution were as follows: 
 The influent solution was prepared in batches of 10 liters and stored in a clean 3-gallons 
plastic container under refrigeration (4°C) before it was added to the columns.  
 All the amendments were mixed, except for urea/DAP, which was added only before the 
solution was transferred to the influent containers. This procedure aimed to avoid 
premature biodegradation.  
 All the batches were measured for pH, which was expected to be in a range from 6 to 8. 
A neutral pH was desired to promote better microbial growth, as discussed in Section 
2.4.  
 The influent solutions fed to the columns were stored in clean and disinfected 3-liters 
pitchers, inside a cooler filled with ice. The ice was necessary to maintain the 
temperature of the solution around 4°C, preventing premature biodegradation from 
occurring.   
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3.7.2 Effluent Sample 
The effluent samples were collected and analyzed based on Section 3.5. The quality 
control procedures for the influent solution were as follows: 
 The effluent samples were kept inside coolers filled with ice (around 4°C) to prevent 
biodegradation from occurring while the samples were being collected. However, due to 
heat generated during microbial activities (Maskow et al., 2010), sometimes the ice had 
to be changed twice a day. 
 All the effluent samples were filtered using a 0.45-um membrane filter syringe filter to 
minimize the impact of interference caused by undesired particles during analytical 
testing. 
 The samples were stored in 125-mL plastic containers inside a refrigerator (4°C) and 
labeled with the date, time, and bioreactor identification.  
 In the UNLV laboratory, the collected samples were immediately tested for chromium, 
which was expected to be exact or close to zero, demonstrating the occurrence of 
biodegradation. The samples were also tested for pH, which was expected to have a pH 
between 6 and 8, assuring that the environment was favorable for microbial growth.   
3.7.3 Analytical Testing 
The samples were tested in the UNLV laboratory for hexavalent chromium, pH, COD, 
TDS, phosphate, and ammonia following the methods described in Table 3.5. The tests 
procedures and details were as follows: 
 Hexavalent chromium and phosphate were measured using the DR900 colorimeter from 
Hach, and prior to measurement, the colorimeter was calibrated with standard stock 
solutions with a known concentration.   
 
81 
 For pH measurements, the pH meter was calibrated with a two-point calibration method 
using 7.0 and 10 pH buffer standards prior to any measurements.  
 Spectrophotometry (Hach DR5000) was used for COD and ammonia testing. The 
instrument was calibrated with standard stock solutions prior to measurements.  
 All standard solutions were stored in the refrigerator and checked once a week for 
quality.  
 The micropipette was used to deliver the desired volume during all testing. It was 
calibrated (once a week) by weighting, in an analytical balance, a volume of water 
transferred by the micropipette.  
 DI water was used for dilution purposes. To maintain a good DI water quality, the 
specific resistance was kept at 18 megaohms-cm, and it was monitored daily.  
 All glassware and utensils used for analyses were cleaned and disinfected by soaking in 
a Micro-90 cleaning solution and rinsing with tap water followed by three rinses with DI 
water.  
3.7.4 Staff Safety and Waste Disposal 
All staff and students working in the UNLV Environmental Laboratory were required to 
complete the UNLV Environmental Health and Safety, Biosafety, Chemical Hygiene, and 
Personal Safety Trainings. Personal protective equipment (PPE) such as lab coats, close-toe 
shoes, gloves, and safety glasses were required at all times when inside the laboratory. All waste 
generated during the project was disposed according to the UNLV laboratory policy for hazard 
and biohazard disposal.  
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3.7.5 Data Quality Control 
The measured data were first annotated in a notebook and later transferred to an excel 
spreadsheet which was uploaded daily in the cloud. For the measurements performed in the 
UNLV laboratory, the data results were checked once a week to prevent outliers and monitor the 
performance of the analytical analyses. To assure the quality of the data, sporadically, the same 
sample tested in the UNLV laboratory was tested in an outside laboratory. The results were 
compared and evaluated for quality control. The UNLV ion chromatography machine reports 
99.7% R2 for calibrations, using one blank every 10 samples. Also, 7 standards were used in the 
calibration curve.  
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Chapter 4  Results and Discussion of Soil and Groundwater  
4.1 Groundwater Analyses of Well 05D, Well 01I, and Well 02I 
The concentrations of multiple contaminants in the groundwater samples used in this 
study were performed as per the methods outlined in Chapter 3 (Table 3.5). For each 
groundwater well, multiple analyses were performed, and the mean values of all analyses are 




Figure 4.1 – Chlorate, perchlorate, chloride, and TDS concentrations in different groundwater wells. 
* Error bars represent one standard deviation for 2 to 4 sample replicates. For columns without an error bar means 





Figure 4.2 – Nitrate, hexavalent chromium, and COD concentrations in different groundwater wells. 
* Error bars represent one standard deviation for 2 to 4 sample replicates. For columns without an error bar means 




Figure 4.3 – Phosphate and TOC concentrations in different groundwater wells. 




Overall, the most contaminated groundwater (GW) was from Well 05D, followed by 
Wells 01I and 02I. The highest chlorate concentration was 13,500 mg/L in the groundwater of 
Well 01I, followed by Well 05D with 11,000 mg/L, and Well 02I with 570 mg/L. Perchlorate 
concentrations varied from 84 mg/L in Well 02I to 1,700 mg/L in Well 05D. Chloride 
concentrations varied from 250 mg/L in Well 02I to 2,910 mg/L in Well 01I. Total dissolved 
solids (TDS) concentrations were 22,263, 6,162, and 250 mg/L in Well 05D, 01I and 02I, 
respectively. Nitrate concentrations were 157 mg NO3
-/L in Well 01I, 155 mg NO3
-/L in Well 
05D and around 13 mg NO3
-/L in Well 02I. Hexavalent chromium concentrations in GW 05D 
and 01I were 90 and 95 mg/L, respectively, while it was non-detectable in GW 02I. The TOC 
concentrations in all wells were very low and below 2 mg/L. The highest TOC concentration was 
measured in GW 05D, at 1.3 mg/L, decreasing to 1.1 mg/L in GW 01I and 0.92 mg/L in GW 
02I.  
When the chemical oxygen demand (COD) was measured as a surrogate to molasses 
concentrations, very high values were found. The highest COD concentration was 152 mg/L, 
measured in GW 05D, followed by 54 mg/L in GW 01I. Further investigation revealed that the 
COD measurements are not reliable because of interference with chloride. Hach (2019) reports 
that for the medium-range COD vial used in this study, chloride concentrations greater than 
2,000 mg/L significantly interfere with COD measurements. Therefore, the only reliable COD 
value measure is that of Well 02 I (i.e., 13 mg/L), which had a chloride concentration of about 
250 mg/L. As expected, the raw GW contained minimal phosphate concentrations, below 0.1 
mg/L for GW from Wells 05D and 01I. 
The groundwater wells used in the packed-bed column study was obtained from the same 
area (but different boreholes) as the groundwater used in the preliminary microcosm performed 
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by Martin (2020). Table 4.1 shows a comparison between the concentrations of the contaminants 
found in this study and in the microcosms test by Martin (2020).  
 
 
Table 4.1 - Comparison of the concentration of contaminants present in different groundwaters. 
Contaminant 
Concentration of Groundwater Samples (mg/L) 
This Study Study by Martin (2020) 
Well 05D Well 01I Well 02I Well M-251-100* 
Cr(VI) 95 90 < 0.01 76 
Nitrate (as NO3-) 155 157 13 301 
Chlorate 11,000 13,500 570 25,400 
Perchlorate 1,700 1,400 84 3,800 
Chloride 2,437 2,910 250 5,537 
TDS 22,263 6,162 2,322 49,875 
* Average values of results reported by Martin (2020). 
 
 
 The groundwater of Well M-251, used by Martin (2020), has the greatest contaminated 
concentrations, except for Cr(VI) concentrations that are similar in all wells. The concentrations 
of major contaminants in the groundwater used in this study are about half the concentrations 
tested in the microcosms of Martin (2020). Nitrate concentration in Well M-251-100 was 301 
mg/L versus 155 mg/L in Well 05D. Chlorate concentration was 13,500 and 11,000 mg/L in 
Well 01I and Well 05D, respectively, versus 25,400 mg/L in Well M-251-100. Perchlorate 
concentration was 1,700 mg/L in Well 05D, while in Well M-251-100 was two times greater 
(3,800 mg/L). Chloride concentrations were 2,437 and 2,910 mg/L in Well 05D and 01I, 
respectively, while Well M-215-100 showed 5,537 mg/L of chloride. TDS concentration in the 
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study by Martin (2020) was approximately double found in Well 05D used in this study. Even 
though the groundwater used in this study is less contaminated than the one used by Martin 
(2020), the presence of high TDS still negatively impacted most of the degradation of the 
contaminants (i.e., nitrate, chlorate, and perchlorate), as will be discussed in Chapter 5.  
4.2 Characterization of Column Feed Solutions 
 Multiple analyses were performed for the diluted and undiluted feed solutions. Because 
the composition of the feed was evaluated every time a fresh batch was prepared, a large amount 
of data was collected. For the data compilation graphs, the average of all feed solution 
concentrations was used (Figure 4.4). The raw data for all measurements taken are depicted in 
Appendix D. Typically, the quality of the feed groundwater did not vary significantly, and most 
values had standard deviations of about 15%. Figure 4.4 shows the average concentrations for 
the major contaminants for diluted and undiluted feed that were applied to the biodegradation 
columns during the biodegradation testing. For the major contaminants of potential concern 
(COCs), the 4x diluted feed concentrations are within the expected value for Well 05D. 
However, for Well 01I, the values are lower than expected. These findings suggest the potential 
precipitation of some chlorate, perchlorate, and chloride salts due to the addition of amendments. 
Future experiments are required to investigate the impact of the amendments on salt 





Figure 4.4 - Average contaminant concentrations for diluted and undiluted column influent feed for Columns A and 
B (Well 05D) and Columns C and D (Well 01I). 
 
 
The chlorate concentrations in diluted feed were 2,567 mg/L and 612 mg/L for the 05D 
and 01I groundwater, respectively. However, for the undiluted feed, the chlorate concentrations 
were about 10,000 mg/L for both feed solutions (05D and 01I). The average perchlorate 
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concentrations in the diluted feed were 420 mg/L and 73 mg/L for in 05D and 01I feed, 
respectively. The undiluted feed from wells 05D and 01I showed perchlorate concentrations of 
1,560 mg/L and 1,400 mg/L, respectively. For chloride, diluted feed from wells 05D and 01I 
showed 818 mg/L and 280 mg/L, respectively, while undiluted feed averages from wells 05D 
and 01I were 2,538 mg/L 2,048 mg/L, respectively. Total dissolved solids concentrations were 
4,429 mg/L and 5,348 mg/L for wells’ 05D and 01I diluted feed, respectively. For undiluted 
feed, well 05D contained 20,768 mg/L and well 01I had 17,223 mg/L. Hexavalent chromium 
was measured at 25 mg/L in the diluted feed of well 05D and 23 mg/L in the diluted feed 01I, 
while in the undiluted feed of wells 05D and 01I concentrations were 95 mg/L and 90 mg/L, 
respectively. The mean COD for the diluted feed of well 05D, applied to Columns A and B, was 
2,450 mg/L, while the diluted feed from well 01I (Columns C and D) was 2,480 mg/L. However, 
for the undiluted feed from wells 05D and 01I, the COD was 1,320 mg/L and 1,150 mg/L, 
respectively. 
The obtained COD values showed great variability, which is likely due to the influence of 
chloride levels from the high TDS found in the samples. Hach (2019) reports that chloride 
concentrations greater between 2,000 mg/L and 4000 mg/L negatively impact COD 
measurements. Other studies have also reported on the interference of multiple ions (e.g., 
chloride and nitrite) with COD determination (Su, Liu and Chang, 2001; Zhang and Zhao, 2008). 
For future investigations and field investigations in high TDS areas, TOC measurement rather 
than COD should be performed because they are less susceptible to TDS interferences.  
For almost all the contaminants, the undiluted feed showed higher concentrations, except 
for COD, phosphate, and ammonia. Ammonia and phosphate were added after dilution, and 
therefore, dilution should not impact their values. However, variability was found because many 
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of the batches of urea/DAP shipped from the commercial manufacturer to the UNLV laboratory 
did not have consistent concentrations of N and P. 
4.3 Pre-Test Soil Characterization 
4.3.1 Analyses of Soil Moisture 
Soil moisture is an important factor for in-situ bioremediation. Microbial activity is 
higher in wet soils, while lower activity is found in drier soils (Iovieno and Bååth, 2008). To 
promote bacterial growth, soil moisture should be higher than 5% to favor microbial respiration 
and to help the diffusion of nutrients and organic compounds to the microbial cell (Barros et al., 
1995; Borowik and Wyszkowska, 2016). 
Based on the methodology described in Section 3.1.2, the soil moisture contents, 
expressed on a wet and dry basis for different well boreholes and depths, are depicted in Table 
4.2. For borehole 01D, the moisture content varied from 28.87% to 37.36% for different depths. 
For the 02D borehole, the range was 27.83 – 36.55%, while for 04D, the range varied only from 
28.44% to 31.37%. For borehole 05D, the minimum moisture content was 21.65%, and the 
maximum was 33.26%, with the highest variation between depths. Also, borehole 04D showed 
the minimum variation in moisture content with depth. For the mixed soil samples from various 
depths, soils from depths of 75 to 85 ft had 32.37% moisture content on a wet basis, or 47.86% 
on a dry basis. For blended soils from various boreholes at depths of 95 to 105 ft, the moisture 
content was 30.11% on a wet basis and 43.10% on a dry basis. Therefore, blended samples from 
75-85 ft. and 95-105 ft. have similar moisture contents. However, within each borehole, the 





Table 4.2 – Soil moisture content with depth for different boreholes. 
Well 
borehole 
Depth Soil moisture 
wet basis (%) 
Average soil moisture 
wet basis (%) 
Average soil moisture 
dry basis (%) 
01D 
75’ – 85’ 30.28 30.36 43.59 
30.43 
85’ – 95’ 37.60 37.36 59.65 
37.12 
95’ – 105’ 30.69 31.68 46.40 
32.67 
105’ – 115’ 28.81 28.87 40.58 
28.92 
02D 
75’ – 85’ 35.08 34.93 53.68 
34.78 
85’ – 95’ 37.02 36.55 57.61 
36.08 
95’ – 105’ 33.21 33.11 49.50 
33.01 
105’ – 115’ 28.00 27.83 38.56 
27.66 
04D 
75’ – 85’ 31.79 31.37 45.71 
30.94 
85’ – 95’ 27.37 28.44 39.77 
29.51 
95’ – 105’ 31.28 31.15 45.25 
31.02 
105’ – 115’ 28.59 29.16 41.16 
29.72 
05D 
75’ – 85’ 30.22 30.54 43.96 
30.85 
85’ – 95’ 33.04 33.26 49.85 
33.49 
95’ – 105’ 26.32 25.99 35.12 
25.66 




75’ – 85’ 32.18 32.37 47.86 
32.55 




As previously described, the soil used in the bioreactors of this study was a mixture of 
soils from different boreholes. Table 4.3 shows a comparison between the soil moisture obtained 
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in the mixed soil samples used in this study and the soil moisture reported by Martin (2020) for 
similar soil depths.  
 
 
Table 4.3 - Comparison of soil moisture obtained in this study and by Martin (2020). 
 This Study – Mixed Wells Martin (2020) – Well M-251 
Well Borehole 
Depth 
75’ – 85’ 95’ – 105’ 80’ – 90’ 90’ – 100’ 
Moisture Content  
in Wet Basis (%) 
32.37 30.11 35.97 42.17 
 
 
The soil moisture in the mixed wells soil samples used in this study decreased with depth. 
However, the soil moisture content reported by Martin (2020) with an increase with depth, but 
the depths are different. For her study, the moisture content for soil depth from 80 to 90 ft, 
moisture content was 35.97%, while the soil depth from 90 to 100 ft showed 42.17%. The higher 
water content found in the deep soils is associated with the presence of expansive clayey after a 
depth of around 90 ft.  
4.3.2 Pre-Test Soil Extraction by Rinsing with Ultrapure Water 
Figure 4.5 depicts the concentrations of contaminants extracted from the soil samples 
used in the biodegradation columns. Mixed soils from depths of 95 ft. to 105 ft. were used in 
Columns A and B, while the mixed soils used in Columns C and D were from 75 ft. to 85 ft. 
depths. The highest contaminant concentration in both soils is of chlorate, with 33.2 mg/g of dry 
soil in Columns A and B and 26.9 mg/g of dry soil in Columns C and D. Perchlorate is the 
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second-highest concentration, showing 6.1 mg/g of dry soil in Columns A and B and 4.2 mg/g of 
dry soil in Columns C and D. Sulfate concentrations were 1.25 and 1.88 mg/g of dry soil in 
mixed soils from 95 ft. to 105 ft. (A and B) and from 75 ft. to 85 ft. (C and D), respectively. 
Nitrate concentrations were 0.30 mg/g of dry soil in Columns A and B, and 0.27 mg/g of dry soil 
in Columns C and D. Hexavalent chromium concentrations were about 0.15 mg/g of dry soil in 
both soils. The lowest concentration was phosphate, with 0.002 mg/g of dry soil in mixed soils 












4.3.3 X-Ray Diffraction Soil Analysis 
Table 4.4 shows the results of the X-ray diffraction analyses for the soil samples from 
Well M-251 and Well-253 for different depths. The results show that both soil sample 
compositions contained more than 40% of montmorillonite, an expansive clay. Quartz was found 
as the second-highest percentage (18.6% and 21.3%) in both soil samples. Additionally, Illite, 
which is also considered an expansive clay, was found in moderate amounts (7.5% and 10%). 
The soil analysis was partially quantitative. However, it was possible in the laboratory to confirm 
that the presence of clayey minerals could contribute to the swelling and expansion of these soil 
samples (Martin, 2020).  
 
 
Table 4.4 - Comparison of Well M-251 and Well M-253 results of X-Ray diffraction analyses. 
 
Mineral content (%) 
Well M-251, 
100-110 ft bgs 
Well M-253, 
82-96 ft bgs 
Quartz 18.6 21.3 
Calcite 3.7 1.1 
Dolomite 1.1 1.7 
Hematite 0.7 0.5 
Andesine 14.6 17.4 
Illite 7.5 10.0 
Kaolinite 1.9 1.4 
Actinolite Not detected 1.0 
Montmorillonite Model 46.9 42.0 





Chapter 5  Results and Discussion of Biodegradation Test 
During biodegradation testing, five different operation modes took place, with varying 
compositions of influent solutions. Groundwater from Well 05D was used to prepare feed 
solutions for Columns A and B, while Well 01I/02I was used for Columns C and D. Lake Mead 
water was used to dilute the groundwater when desired. Other amendments added include 
molasses, sodium bicarbonate, vitamin B12, a urea-diammonium phosphate blend solution, and a 
microbial seed culture (i.e., sludge from fluidized bed bioreactors from a local site). From Day 1 
to Day 181, all amendments were applied in the concentrations described in Chapter 3 (Table 
3.7). Bio-augmentation with microbial culture was performed only until Day 181. After Day 181, 
the bioreactors started to show a darker color inside the clear PVC structure, and a strong 
biological smell was observed indicative of biological reducing conditions. Based on this 
sensorial perception and the results showing reduction of some of the contaminants, it was 
assumed that biodegradation was stablished in the columns. From Day 1 to Day 283 diluted 
groundwater (one-part groundwater and three parts Lake Mead water) was used, while from Day 
283 to 381, full-strength groundwater was fed to the columns without dilution.  
5.1 Column Operation Flowrates and Empty Bed Contact Times 
Empty bed contact time (EBCT) is the average time that the biodegradation amendments 
(i.e., sludge, urea/DAP, vitamin B12, molasses, and sodium bicarbonate) and the COCs spend 
within the column. It can be correlated to in-situ horizontal groundwater velocity. In in-situ 
bioremediation practice, EBCT from laboratory experiments can be used to assist with 
determining the spacing between amendment injection wells and monitoring wells. Since the 
COCs in this study are known to degrade sequentially, EBCT can also be used to prioritize 




can also be used to infer if the remediation process is controlled by biodegradation kinetics or by 
the natural groundwater velocity of the site. For example, in sites where groundwater velocity is 
very slow, even for fast degradation kinetics, the slow speed of the groundwater will control the 
speed of clean-up. Conversely, if groundwater velocity is fast and kinetics are slow, kinetics will 
control clean-up. Table 5.1 shows the average contact times and average flowrates during the 
columns’ operation. Notice that some EBCTs were intentionally increased or decreased to 
observe the impact of water velocity on degradation. Some large EBCTs were the result of 
effluent valve clogging and/or bacterial biomass accumulation on top of the column. The EBCTs 
varied from as low as 5 days to 27 days, at different periods. The periods at which the columns 
operated under different EBCTs are relatively long (i.e., months); this allows for evaluation of 





Table 5.1 - Empty bed contact times (EBCTs) and flowrates during various periods of column 
operation. 
 
    Average EBCT (days) and Flowrate (mL/min) 
  Days Column A Column B Column C Column D 
Period 1A 25 - 94 
6.83 12.14 9.56 10.62 
0.24  0.08  0.12  0.08  
Period 1B 94 - 153 
7.48 7.31 4.49 9.70 
0.18  0.13  0.21  0.13  
Period 1C 153 - 181 
10.41 13.23 9.31 21.87 
0.14  0.10  0.08  0.03  
Period 2 181 - 197 
1.92 2.90 4.93 9.91 
0.57  0.36  0.17  0.09  
Period 3 197 - 216 
22.03 10.99 19.90 6.95 
0.04  0.10  0.05  0.16  
Period 4 A 216 - 251 
27.00 20.03 13.92 5.48 
0.03  0.06  0.10  0.22  
Period 4 B 251 - 283 
6.63 9.52 6.10 9.08 
0.23  0.09  0.18  0.18  
Period 5 A 283 - 309 
4.75 11.82 6.58 4.98 
0.24  0.10  0.16  0.21  
Period 5 B 309 - 381 
13.42 16.55 10.59 8.04 
0.10  0.08  0.12  0.14  
 
 
The adjusted EBCTs were calculated by excluding the high EBCT values that occurred 
before flow reduction caused by excess biomass/precipitates that deposited on the tops of the 
columns. These solids were removed by using an extra pump to convey the solids out from the 
top of the soil columns. The operation was resumed immediately after pumping solids. Figure 
5.1 to Figure 5.4 show flowrates, along with the measured and adjusted EBCTs for all columns. 
The average EBCTs (Table 5.1) were computed using periods when the contact time did not vary 
much, using the adjusted EBCT values. From Day 25 until Day 181, Column A had an average 
EBCT of 7.84 days, while the average EBCT for Column B was 9.89 days (Figure 5.1) and 
showed a similar solids accumulation pattern as observed in Column A. Column C (Figure 5.2) 




observed for Columns A and B. Column D had a much longer average EBCT of 10.65 days; 
however, some EBCTs in Column D were lower than the ones computed for Columns A and B. 
From Day 181 to 197, Columns A and B showed low average EBCTs of 1.92 and 2.90 days, 
respectively. However, Column C showed a higher average EBCT of 4.93 days, while Column D 
had the highest average EBCT for this period of 9.91 days, from Day 197 to Day 216.  
As shown in Table 2.6, the typical range of EBCT reported in the literature for fixed-bed 
reactors using carbohydrate-based electron donors (i.e., molasses) was from 40 to 80 minutes. In 
comparison to this study, the EBCTs ranged from 2 to 27 days for all columns. The main reason 
for this difference is the high contaminant levels present in contaminated groundwater and the 
slower degradation caused by high TDS levels present. The media type and the amount of 
biomass that attaches to the media also play a role. The studies performed by Upadhyaya et al. 
(2015) and (Fuller et al., 2007) used biologically activated carbon (BAC) and granular activated 

















The flowrate through the columns (Figure 5.3 and Figure 5.4) varied in all operational 
steps. For columns A and B, much variation was seen during Period 1, and the highest flows 
were observed during period 2 when biosolids/precipitates were removed from the top of the 
columns. During Periods 3 and 4, less flow variation occurred. The flowrate was intentionally 
decreased during Period 5 of operation. The peaks and valleys seen during many periods 
represent the higher flowrates obtained when the accumulated solids on the top of the columns 
were removed. Flowrates in columns A and B varied from 0.03 ml/min to 0.57 ml/min. In 
Columns C and D flowrates were smaller varying from 0.03 ml/min to 0.22 m/min. Columns C 
and D experienced less flowrate variation, with a few exceptions, including during Period 2, after 
solids/precipitates were removed. Flowrates were stable during Period 3 and increased in Period 




















5.2 Biodegradation of Major Contaminants of Concern in the Columns 
A set of four columns were operated during biodegradation testing. The deep columns, 
Columns A and B, contained soil from 95 to 105 ft-bgs and were operated using groundwater 
from the well 05D. During the first 25 days of operation, columns were operated in recirculation 
mode, using molasses as a carbon substrate to remove the large amounts of Cr(VI) released from 
the soils. Intermediate columns (Columns C and D) contained soil from approximately 75 to 85 
ft-bgs and groundwater from the well 01I. From Day 98 until Day 155, groundwater from well 
02I was accidentally provided instead of groundwater from well 01I. Undiluted groundwater was 
used from Day 283 to 380. The raw data for the concentration of the contaminants measured in 
the effluent of all the columns are reported in Appendix A.  
5.2.1 TOC Concentration in Columns 
Total organic carbon (TOC) measurements served as a surrogate to molasses 
concentration in the columns’ feed and effluent. The influent and effluent TOC concentrations 
and EBCT values measured during the biodegradation testing for all four biodegradation 
columns are presented in Figure 5.5 and Figure 5.6. The TOC concentration is an important 
parameter to evaluate if the carbon substrate concentration is adequate to support biodegradation. 
The TOC concentration was also measured in the undiluted feed solution applied to all four 
columns. The initial concentration in the undiluted feed solution for deep columns was 1,300 
mg/L, while for intermediate columns, the undiluted feed solution had 700 mg/L. The lower 
TOC concentration is because only half of the molasses concentration was applied to the 
intermediate columns during the undiluted groundwater feed period. Because molasses was a 




The five operation modes and their respective EBCTs did not significantly impact the 
effluent TOC concentrations in the deep columns (Columns A and B). The average of TOC in 
the effluent of Columns A and B was about 60 mg/L. The lowest TOC concentrations occurred 
during the reduced molasses addition period (From Day 181 until Day 197). However, after 
molasses addition was reestablished, the TOC concentrations in the deep columns returned to the 
values seen before molasses was excluded from the feed. In the intermediate columns, TOC 
effluent values were higher; the average TOC concentrations in Column C and D were 206 mg/L 
and 375 mg/L, respectively.  
The highest TOC concentrations occurred when less contaminated water was accidentally 
added to the columns. Due to the lower concentration of contaminants, the biotic and abiotic use 
of molasses decreased, resulting in more carbon available in the effluent. When the water 
containing more contaminants was added again, the TOC concentration decreased drastically due 
to its use by bacteria and by the abiotic reduction of chromium. Afterward, the TOC 
concentrations remained similar in the intermediate columns until the end of the test. 
The study performed by Upadhyaya et al. (2015), using a fixed bed reactor with a sugar-
based electron donor, observed that organic carbon concentrations decreased from 125 mg/L to 
less than 20 mg/L (84% consumption) during the period that perchlorate and nitrate degradation 
occurred. Karanasios et al. (2016) evaluated a packed-bed reactor for nitrate removal using sugar 
as an electron donor. The study found that sugar concentrations decreased from 4,000 mg/L to 
1,000 mg/L (75% consumption) when denitrification happened. The study by Upadhyaya et al. 
(2015) found a mass ratio of sugar to nitrate equals 8.3, while Karanasios et al. (2016) found a 
mass ratio of sugar to nitrate equals 22. Because many contaminants were present in the 




to contaminant. Furthermore, chromium was also reduced abiotically by molasses.  Nonetheless, 
the present study showed an average of 95% and 70% of TOC consumption in deep and 
intermediate columns, respectively, during high degradation periods. This is because deeper 
columns contained a higher concentration of contaminants than intermediate columns, 
demanding more consumption of TOC by the bacteria under a lower EBCT. As shown in Figure 
5.5 the TOC values measured are much smaller than the COD shown in Figure 5.20 and are 

















5.2.2 Hexavalent Chromium Biodegradation in Columns 
Figure 5.7 and Figure 5.8 show the influent and effluent hexavalent chromium [Cr(VI)] 
concentrations and empty bed contact time (EBCT) values measured during the biodegradation 
testing for all four columns. The first feed solution (1) was applied from Day 25 until Day 181, 
and it was composed of diluted groundwater 4:1 (1 part of groundwater and 3 parts of Lake 
Mead Water), Lake Mead water, nutrients, molasses, and microbial culture (Tables 3.7 and 3.8 
from Chapter 3). 
The initial concentration of Cr(VI) in the feed solution used in the deep columns was 25 
mg/L, while for the intermediate columns Cr(VI) concentration was 23 mg/L. Full Cr(VI) 
removal occurred from the first day of testing in all four biodegradation columns. In the deep 
columns, the change to less contaminated groundwater did not impact Cr(VI) removal. In 
Column A, on Day 192, a higher concentration of Cr(VI) was observed when the average EBCT 
was 1.92 days, and the feed solution with reduced molasses was applied. The lower EBCT and 
lower amount of molasses present are likely responsible for the high hexavalent chromium 
concentration measured in the effluent. Following, the retention time increased to about 20 days 
in both the deep and intermediate columns, allowing full degradation to occur. From Day 283 
until Day 381, the feed solution contained undiluted groundwater with a higher Cr(VI) 
concentration of 95 mg/L. Except for two measurements in the intermediate columns, the 
increase in the contaminant load did not impact the removal efficiency, and Cr(VI) 
concentrations were below the detection limit until the end of the experiments in all four 
columns. It is important to note that during this time, high average EBCTs of 15 days for deep 





Chirwa and Wang (1997) used glucose as an electron donor in a packed-bed reactor for 
Cr(VI) reduction, achieving a 99% reduction of an initial concentration of 500 mg/L. In his 
study, the initial Cr(VI) concentration was much higher than the highest Cr(VI) concentration 
applied in this study. However, the empty bed contact time was 24 hours, which is slightly less 
than the average EBCT found in this study.  
Previous microcosm testing performed by Martin (2020), using Wells M-251-100 and 
U4-E-01D, demonstrated that when molasses is used as a carbon source, most of the Cr(VI) 
reduction is abiotic due to reactions of the phenolic groups present in molasses with Cr(VI) 
(Chen et al., 2015). Given that complete nitrate biodegradation was observed during the same 
period (Figure 5.9 and Figure 5.10), it is likely that some biotic Cr(VI) reduction also took place. 
Therefore, the excellent degradation of Cr(VI) observed is very likely a combination of abiotic 
and biotic reduction (Fein et al., 2002). However, it is not possible to determine the contribution 
of the abiotic and biotic components from the experiments performed. Notwithstanding, the 




















5.2.3 Nitrate Biodegradation in Columns 
Figure 5.9 and Figure 5.10 depict the influent and effluent nitrate (as NO3
-) 
concentrations and empty bed contact times (EBCTs) measured during the biodegradation testing 
for all four biodegradation columns. The first feed solution (1) was applied from Day 25 until 
Day 181, and it was composed of diluted groundwater 4:1 (1 part of groundwater and 3 parts of 
Lake Mead Water), Lake Mead water, nutrients, molasses, and microbial culture (Tables 3.7 and 
3.8, Chapter 3). 
The initial concentration of nitrate in the feed solution, used in the deep columns 
(Columns A and B), was 35 mg/L. For the intermediate columns (Columns C and D), the initial 
nitrate concentration in the feed solution was 10 mg/L. During the first period, complete nitrate 
biodegradation occurred from the first day of testing in all four biodegradation columns. It is 
important to remember that the columns operated in recirculation mode for 25 days before 
measurements were taken, and therefore, microbial acclimation had already taken place. The 
EBCTs during this period varied from averages of 7.8-9.9 days and 6.64-10.65 days for the deep 
and intermediate columns, respectively.  
From Day 181 until Day 197, a second feed solution, without molasses and microbial 
culture, was applied to minimize excessive microbial growth; retention times of 2 days in deep 
columns and 5 days in intermediate columns were established. These EBCTs during this period 
are much shorter than those observed from Day 25 to Day 181. From Day 181 until Day 200, 
increased nitrate concentrations were measured in the deep columns, while complete degradation 
was observed in the intermediate columns. The remaining molasses in the columns, measured as 
total organic carbon (TOC) (Figure 5.5 and Figure 5.6), was much lower than in the previous 
period and lower in Columns A and B than in Columns C and D. Therefore, the remaining 




the 2-day EBCT present in the deep columns was not sufficient to promote full nitrate 
degradation. Therefore, during the period where limited molasses (i.e., limited carbon 
availability) and shorter EBCT was implemented, a decrease in denitrification occurred, 
increasing nitrate concentration in the effluent. Karanasios et al. (2016) reported that higher 
denitrification rates occurred proportionally to the consumption of sugar used as an electron 
donor. In their study, nitrate concentration decreased from 354 mg/L to less than 1 mg/L in 12 
minutes, while sugar concentrations decreased from 2500 mg/L to less than 1 mg/L. As stated in 
previous studies, denitrification is considered a carbon limited process, demanding an adequate 
concentration of carbon source to achieve good degradation rates (Chen et al., 2018). Also, based 
on the obtained results during the period where nitrate was completely reduced, an adequate 
molasses concentration (4 mL of molasses/L) was applied to the columns.  
From Day 197, molasses was applied again to the feed solutions, first at 50% of its 
original amount, and from Day 216 onward, the molasses concentration was restored to the 
initial concentration (4 ml molasses/L). When carbon availability increased, full degradation of 
nitrate occurred in all four columns until Day 283; the average retention time was about 15 days 





















5.2.4  Chlorate Biodegradation in Columns 
Influent and effluent chlorate concentrations and EBCT values measured during the 
biodegradation testing for all four columns are depicted in Figure 5.11 and Figure 5.12. The first 
feed solution (1) was applied from Day 25 until Day 181, and it was composed of diluted 
groundwater 4:1 (1 part of groundwater and 3 parts of Lake Mead Water), Lake Mead water, 
nutrients, molasses, and microbial culture (Tables 3.7 and 3.8, Chapter 3). The initial 
concentration of chlorate in the feed solution, used in the deep columns (Columns A and B), was 
2,700 mg/L. For the intermediate columns (Columns C and D), the initial chlorate concentration 
was 2,300 mg/L in the feed solution.  
Biological reduction of chlorate took longer to start in intermediate columns than in deep 
columns. In intermediate columns, until Day 100, chlorate concentrations in the effluent were 
high, showing little or no reduction. For the deep columns, chlorate fully degraded after 60 days, 
despite a higher influent concentration (i.e., 2,700 mg/L as compared to 2,300 mg/L in the 
intermediate columns). During the first operation period, the average retention time for 
intermediate columns was about 6.64 days, while it was 9.84 days for the deep columns. 
Therefore, the higher degradation observed in the deep columns during that period is likely due 
to a longer retention time (9.84 days) within the columns.  
When groundwater from the local site with a lower contaminant concentration (i.e., 
containing about 6 times less chlorate) was fed to the intermediate columns, the impact on 
biodegradation was immediately noticed, with complete chlorate reduction observed between 
Days 100 and 160. The average retention time during this period was about 9.7 days in the 
intermediate columns. This fact demonstrates that chlorate degradation was taking place in the 





Considering that chlorate and perchlorate follow the same reduction pathway (Figure 
2.1), most studies using fixed-bed bioreactors are related to perchlorate reduction only. The 
studies performed by Upadhyaya et al. (2015) and Fuller et al. (2007) evaluated a fixed-bed 
reactor using molasses as an electron donor. The results showed that lower EBCTs, from 40 to 
80 minutes, were able to reduce 98% and 99% of perchlorate, respectively. However, the initial 
chlorate concentrations in the reactors were approximately 16,000 and 34,000 times lower than 
the initial chlorate concentration in this study. Accounting for high initial chlorate and 
perchlorate reduction, the EBCT is a determinant factor in allowing degradation to occur.  
 The average TOC values in intermediate columns were higher (i.e., 206–375 mg/L) than 
those in deep columns (i.e., 60 mg/L); therefore, when molasses was eliminated from the feed, 
the impact was noticed immediately in Columns A and B, with higher chlorate concentrations 
present in the effluent. However, the effluent chlorate concentrations of Columns C and D were 
not impacted. The results showed that effluent chlorate concentration in the columns is a 
function of the initial influent concentration, the retention time within the column, and the 
presence of sufficient electron donor/carbon source (i.e., molasses).  
 From Day 283 until Day 381, no dilution was performed in the feed solution, and raw 
groundwater, nutrients, and molasses were fed to the columns. The effluent TOC for Columns C 
and D was smaller than 100 mg/L; for Columns A and B, it varied from 80-140 mg/L. With an 
increase in the chlorate load to 11,000 mg/L in deep columns and 14,000 mg/L in intermediate 
columns, only partial chlorate degradation was observed, despite average retention times of 15 
days in deep columns and 10 days in intermediate columns. In both deep and intermediate 
columns, chlorate only decreased by about 40% until the end of the test. The considerably high 




full degradation of extremely high chlorate concentrations in all four columns. As reported by 
Martin (2020) in the preliminary microcosm test, undiluted groundwater with a high TDS of 
46,000 mg/L, negatively impacted chlorate (35%) and perchlorate (15%) reduction. In this study, 
similarly, when high TDS (approximately 20,000 mg/L) was introduced by undiluted 
groundwater, minimal chlorate (40%) reduction was observed. Greater chlorate reduction was 
observed than the one found by Martin (2020), but one must consider that in this study, only half 
of the TDS concentration was introduced to the packed-bed reactor; the bioreactor only showed a 
5% reduction greater than what was observed in Martin (2020). 
The high EBCT (10 to 15 days) during the high TDS period was insufficient to promote 
complete chlorate degradation. Therefore, under high TDS and high initial chlorate 
concentration, EBCT and carbon availability are inadequate to promote substantial 
biodegradation, thus requiring dilution of groundwater to mitigate high TDS impact. As 
mentioned in Chapter 2, microbial cells, when in the presence of high salinity, have their osmotic 
pressure increased, separating the microbial plasma, compromising enzyme’s metabolic activity 



















5.2.5 Perchlorate Biodegradation in Columns 
Figure 5.13 and Figure 5.14 show the influent and effluent perchlorate concentrations and 
EBCT values measured during the biodegradation testing for all four biodegradation columns. 
The first feed solution was applied from Day 25 until Day 181, and it was composed of diluted 
groundwater 4:1 (1 part of groundwater and 3 parts of Lake Mead Water), Lake Mead water, 
nutrients, molasses, and microbial culture (Tables 3.7 and 3.8, Chapter 3). The first batch of 
groundwater from Well 05-D, used to feed the deep columns, was applied until Day 50. The 
initial perchlorate concentration in the feed solution was 870 mg/L. From Day 50 until the end of 
the experiment (Day 381), a less contaminated batch of groundwater (Well 05-D) was used, 
decreasing the perchlorate concentration in the feed solution to 480 mg/L in the deep columns. 
The biological reduction of perchlorate took longer to start in the deep columns. This is the 
opposite of what was observed for chlorate. However, chlorate concentration in the feed for the 
deep columns is greater than that of the intermediate columns. 
For the intermediate columns, the initial perchlorate concentration was 880 mg/L in the 
feed solution prepared with groundwater from Well 01-I. However, when the less contaminated 
groundwater (Well 02-I) was used, the perchlorate concentration in the feed solution decreased 
to 18 mg/L. Until Day 140, perchlorate concentrations decreased from 870 mg/L to about 150 
mg/L. However, in the intermediate columns, total biodegradation started to occur on Day 120, 
after the less contaminated groundwater was fed. Until Day 181, complete biodegradation of 
perchlorate occurred in all four columns. The average EBCT was 9.89 days in the deep columns 
and 6.64 days in the intermediate columns. 
In contrast to the initial perchlorate concentration from this study (average of 875 mg/L), 
the studies performed by Upadhyaya et al. (2015) and Fuller et al. (2007), using a similar set-up 




respectively. Besides, the average EBCT range in this study (6 to 10 days) was much greater than 
the EBCT found in Upadhyaya et al. (2015) and Fuller et al. (2007) (43 and 80 minutes). 
From Day 181 until Day 197, the carbon substrate and sludge microbial culture were 
removed from the feed solution. The addition of sludge was stopped because significant biomass 
had developed in the bioreactors, and clogging of valves was observed. In the deep columns (A 
and B), perchlorate concentrations increased during this period, which had an average retention 
time of 2 days. Columns A and B had lower effluent TOC concentration than Columns C and D. 
Therefore, lower degradation observed in the deep columns is likely due to a lower concentration 
of carbon source (i.e., molasses) and shorter EBCT (2 days) within the columns. However, in the 
intermediate columns (C and D), the EBCT was about 9 days, and the TOC concentration was 
higher, contributing to better perchlorate degradation. Regardless, complete perchlorate 
degradation was achieved within 120 days and 140 days for the intermediate and deep columns, 
respectively. From Day 197 until Day 216, perchlorate degradation did not occur in the deep 
columns because of the lack of a sufficient carbon source. The effluent TOC during this period 
was below 20 mg/L and 50 mg/L, respectively, for the deep and intermediate columns.  
From Day 216 until Day 283, molasses was added again to the feed solution, and the 
retention time increased to 22 days in Column A and 11 days in Column B. During this period, 
perchlorate concentrations decreased from 480 mg/L to 31 mg/L, reaching non-detectable levels 
from Day 260 until Day 283. In the last period, when undiluted groundwater was fed, from Day 
283 until Day 381, a low level of perchlorate degradation occurred due to the increase in the 
initial perchlorate concentration (1,800 mg/L in deep columns and 1,400 mg/L in intermediate 
columns). The perchlorate concentration in the intermediate and deep columns decreased by only 




about 10 days, and in the range at which degradation was observed from Day 283 to Day 381, 
but it was not enough to promote better degradation at higher influent perchlorate concentrations. 
Therefore, for the raw groundwater, retention times greater than 15 days may be needed. Also, 
reduced degradation is associated with the negative impact of high TDS levels on bacteria 
metabolism, as previously observed by Martin (2020). Chung, Shin, and Oh (2010) reported that 
perchlorate degradation was directly impacted by a reduction of retention time. When the 
hydraulic retention time (HRT) decreased from 15 to 7.5 hours, perchlorate removal in their 
study decreased from 100% to 94%.  
In the studies performed by Upadhyaya et al. (2015) and Fuller et al. (2007), perchlorate 
degradation occurred since the beginning of the test. However, as previously mentioned, the 
initial perchlorate concentrations were much smaller than the concentrations in this study. 
Some studies investigated the impact of nitrate on perchlorate degradation. The study 
performed by Upadhyaya et al. (2015) used 0.20 mg/L of perchlorate in the presence of 15 mg 
NO3
--N/L in a fixed-bed reactor using molasses. The results showed 98% removal of perchlorate, 
while nitrate was completely reduced. Contrary to Upadhyaya et al. (2015), Fuller et al. (2007) 
evaluated the degradation of 0.10 mg/L of perchlorate in the presence of 0.45 mg NO3
--N/L and 
molasses. In their results, more than 99% of perchlorate was reduced, while nitrate was only 75% 
removed. A third study, performed by Chung, Shin, and Oh (2010), evaluated the performance of 
an up-flow packed-bed reactor to degrade 6.25 mg/L of perchlorate and 325 mg/L of nitrate as N 
under TDS of 30,000 mg/L while implementing acetate as the electron donor/carbon source. 
Their findings show that perchlorate reduction was not impacted by the presence of nitrate under 
30,000 mg/L TDS concentration. In the investigation for this thesis, where molasses is used as 




degradation. However, the concentrations of nitrate and perchlorate are not as different as in 
Chung, Shin, and Oh (2010), suggesting that no microbial competition for electron acceptors 
occurred. It seems when concentrations are of the same order of magnitude, competition between 
nitrate and perchlorate is not observed (Choi and Silverstein, 2008). 
 Gingras and Batista (2002) reported that ammonia concentrations greater than 100 mg/L 
can be biologically toxic and may impact perchlorate reduction. A residual ammonia 
concentration of around 100 mg/L was determined in this study. Ammonia was added as a 
nitrogen source for bacteria. Because the industrial-grade ammonia batches sent to the laboratory 
had very different concentrations, some feed solutions contained more ammonium than desired.  
In future applications, more attention should be paid to analyzing individual chemical shipments 
provided by vendors. The main factors that showed high potential to impact perchlorate 
reduction are TDS concentrations, EBCT, carbon availability, and potentially high residual 

















5.3 Monitoring of Other Parameters of Interest 
5.3.1 Ammonia Monitoring in Columns 
A blend of 39% urea/diammonium phosphate (DAP) was used as nitrogen (N) and 
phosphorus (P) sources for bacteria. Urea was blended with DAP to achieve the desired ratio of 
nitrogen and phosphorus present in typical microbial cells. The expected concentration of 
ammonia in the urea/DAP solution was provided by the manufacturer as 296.5 mg as NH3
+/mL. 
One milliliter of the urea/DAP blend was added per liter of feed solution prepared, giving an 
expected concentration of 296.5 mg as NH3
+/L of feed solution.   
Depending on the pH of the solution, ammonia can be present in the form of ammonia 
(NH3) or ammonium ion (NH4
+) (Figure 5.15). For pH less than 9.25, the form of ammonium is 
predominant (50–100% NH4
+), while at pH higher than 9.25, the ammonia form is predominant 
(50–100% of NH3) (Metcalf & Eddy, 2013). For this research, the average pH of the effluent 
samples was 8.3, and it will be further discussed in Section 5.4.1. At pH 8.3 is expected that 









The influent and effluent ammonia concentrations and EBCT values measured during the 
















The influent ammonia concentration was assumed to be the same as the expected 
concentration from the DAP solution (296.5 mg as NH3/L). This was due to a large variation in 
the concentrations measured in different batches of the DAP solution provided by the 
manufacturer. All of the ammonia measurements performed in the feed solution samples are 
provided in Appendix D. In the deep columns, most of the ammonia concentrations measured in 
the effluent were below the influent line, except for some measurements at the beginning and on 
the last day of the experiment, when low levels of biodegradation were taking place. A similar 
pattern was observed for the intermediate columns. The decrease in ammonia concentration is 
due to the consumption of nutrients by the bacteria (Rittmann and McCarty, 2001b).  
For the period where biodegradation was higher in all four columns, the ammonia levels 
were lower, indicating that more consumption was happening during this period. Another 
important correlation is between retention time and ammonia concentrations. In the deep and 
intermediate columns, most of the lower EBCTs are related to higher ammonia concentrations, 
indicating that fewer bacteria consumption occurred due to lower degradation. Also, the opposite 
was observed; the highest EBCTs are related to the lowest ammonia concentrations due to higher 
nutrient consumption. However, significant ammonia was still left unused in the effluent; 
remaining ammonia concentrations varied from 50-150 mg/L and 50-80 mg/L for the deep and 
intermediate columns, respectively. According to Gingras and Batista (2002), ammonia 
concentrations greater than 100 mg/L are biologically toxic, resulting in less contaminant 
degradation. However, the amount of nitrogen needed for biodegradation was computed, 
assuming that bacterial cells need 12% nitrogen by cell weight (Rittmann and McCarty, 2001b). 
For the periods where degradation of all contaminants occurred, ammonia effluent levels were 




studies, less ammonia can be applied. It is recommended that ammonia be reduced by 30-50% in 
the field studies.  The first reason for the lower consumption of ammonia is the fact that Cr(VI) 
reduction seemed to occurred mostly abiotically (Chen et al., 2015); a second reason is that 
biomass generation was computed assuming molasses would completely degrade to acetate to be 
used by the reducing bacteria present. It is not known how, from the study, how much of the 
molasses was converted to acetate.  
Because the contaminated groundwater contains significant amounts of nitrate, bacteria 
could use nitrate as the nitrogen source for biodegradation.  However, nitrate is degraded before 
perchlorate and chlorate, and therefore, the addition of a nitrogen source would be needed to 
degrade both. Hence, the nitrate present alone would not meet the nitrogen source need.  
5.3.2 Phosphate (as P) Monitoring in Columns 
As previously mentioned, urea/DAP was used as N and P sources for bacteria. Figure 
5.18 and Figure 5.19 show the influent and effluent concentrations of phosphate as P and EBCT 
values measured during the biodegradation testing for all four biodegradation columns. 
The influent phosphate concentration in the figures was assumed to be the same as the 
expected concentration from the DAP solution (153 mg as PO4
-3/L or about 50 mg P/L). A large 
variation of phosphate was found in the many batches of DAP solution provided by the 
manufacturer. All of the phosphate measurements performed in the feed solution samples are 
provided in Appendix D. In the deep and intermediate columns, all of the phosphate 
concentrations measured in the effluent were below the initially expected concentration. Some of 
the variations in phosphate concentration measured in the effluent were also due to the 




phosphate oscillated within a range from 2 to 103 mg/L, and no correlation was found between 
phosphate consumption and biodegradation.  
However, in the intermediate columns, during the period where only contaminated 
groundwater was applied (from Day 283 to 381), the phosphate levels were almost zero. This is 
likely due to the higher consumption of nutrients by the bacteria trying to degrade the higher load 
of contaminants. When in the presence of magnesium, potassium, and/or calcium, phosphate can 
react with the hardness in the water, resulting in salt precipitation (Carlsson et al., 1997). Based 
on these reactions, it is possible that in this study, the addition of phosphate could have promoted 
the formation of some salt precipitates. In the deep columns, the phosphate concentrations also 
decreased during this period but were not close to zero concentration. Another important 
correlation is between retention time and phosphate concentration. In both deep and intermediate 
columns, most of the lower EBCTs were related to higher phosphate concentrations, indicating 
that less consumption by bacteria occurred due to shorter retention times. Conversely, the highest 
EBCTs were related to the lowest phosphate concentrations due to higher nutrient consumption 
at lower flow rates. Given that significant phosphate concentration was remaining in the effluent, 
except when full strength groundwater was used, it is recommended that the amount of 



















5.3.3 Chemical Oxygen Demand Monitoring in Columns 
COD measurements are important to evaluate the amount of organic carbon present as 
the carbon substrate (molasses in this study). Molasses is mainly composed of polysaccharides 
(He et al., 2019); therefore, COD concentrations are a surrogate of the amount of molasses 
present to support biodegradation and also abiotic reduction of chromium. Unlike TOC 
measurements, COD measurements are highly impacted by chloride concentrations greater than 
2,000 mg/L (Zhang and Zhao, 2008; Hach, 2019). Although some trends can be seen from the 
COD data, it is important to consider these data as qualitative. Figure 5.20 and Figure 5.21 show 
the influent and effluent chemical oxygen demand (COD) concentrations and EBCT values 
measured during the biodegradation testing for all four biodegradation columns. The first feed 
solution (1) was applied from Day 25 until Day 181, and it was composed of diluted 
groundwater 4:1, Lake Mead water, nutrients, molasses, and microbial culture. The initial 
concentration of COD in the feed solution, used in the deep columns (Columns A and B), was 
2,450 mg/L. For the intermediate columns (Columns C and D), the initial COD concentration 
was 2,480 mg/L in the feed solution.  
For the deep columns, the COD concentrations during the first period remained 77% 
lower than the influent concentration. However, in the intermediate columns, COD decreased by 
90% until Day 100 and increased from 223 mg/L to about 2480 mg/L (the same as the feed 
solution concentration) from Day 100 until Day 181. In the deep columns, COD concentrations 
showed similar results in both columns, A and B. On Day 68, the COD concentration decreased 
from 668 mg/L to 42 mg/L in Column A and from 503 mg/L to 10 mg/L in Column B. During 
this period, the degradation of chlorate happened simultaneously with higher consumption of 




During Periods 2 and 3, the COD concentrations were very low in the deep columns. This 
was because less molasses was added to the feed solutions during these periods, decreasing the 
amount of carbon substrate. In Period 4, when the full molasses concentration was restored (4 
mL of molasses/L), the COD concentrations increased accordingly. In the last period, when only 
groundwater was applied, the concentrations decreased by 50% and remained the same until the 
end of the test.  
In the intermediate columns, at Day 100, COD concentrations decreased from about 460 
mg/L to 100 mg/L, due to the beginning of chlorate biodegradation. Right after that, on Day 120, 
COD concentrations increased to almost the same concentration as the feed solution. After this 
higher consumption of the carbon substrate to degrade the contaminants, the COD increased 
again, but chlorate concentration continued. The concentrations during the reduced molasses 
period also decreased in both intermediate columns. In Period 4, when the full molasses 
concentration was restored (4 mL of molasses/L), the COD concentrations in the intermediate 
columns also increased. In the last period, when only undiluted groundwater was applied, the 
concentrations decreased by 50% and remained the same until the end of the test.  
Similar to TOC, COD concentration is a surrogate measurement for the amount of carbon 
source availability. COD concentrations decreased by 84% when high degradation of 
contaminants occurred in a fixed-bed reactor using a sugar-based carbon source (Upadhyaya et 
al., 2015). Also, a decrease of 75% in COD concentration happened when complete 
denitrification was reported in a packed-bed reactor using sugar as an electron donor (Karanasios 
et al., 2016). In comparison to this study, COD concentrations decreased by 80% during the 
period where high degradation of all contaminants occurred (approximately from Day 120 to 




changes in molasses addition and degradation periods, the interferences of high chloride levels 
on COD measurements must be considered; the COD data should be evaluated as qualitative 


















5.4 Additional Water Quality Parameters of Interest 
5.4.1 pH Monitoring in Columns 
The pH is an important parameter for the biodegradation process. The majority of 
microorganisms, especially bacteria, will have better performance in environments with a pH 
around the neutral range (Krug et al., 2009; Bardiya and Bae, 2011b). Molasses has a high 
concentration of organic substrate; however, it is also composed of vitamins, minerals, and 
nutrients such as calcium, magnesium, and potassium. It is also known to promote a decrease in 
the pH due to the acid formation from biological activity (Clarke, 2003). To keep the pH in the 
optimum range for the bacteria, sodium bicarbonate was added to increase the pH in the 
columns. Figure 5.22 and Figure 5.23 show the influent and effluent pH measurements and the 
EBCT values measured during the biodegradation testing for the deep and intermediate columns.  
During the biodegradation testing, five operation modes were applied to the feed solution 
used in the deep and intermediate columns. The average pH for all feed solutions made for the 
deep columns was 7.5, while for the feed solution used in the intermediate columns, the average 
pH was 8. The minimum value for pH measured in the deep columns was 5.8 in Column A and 
6.0 in Column B. The maximum pH value measured in both deep columns was 8.3. For the 
intermediate columns, the minimum value was 6.0, while the maximum pH measured was 8.6 in 
Column C and 8.3 in Column D. Most of the pH measurements remained near neutral (pH 7) in 
all deep and intermediate columns.  
A good correlation was found between the pH range observed in this study and the 
optimal pH range (6 to 8) for bacteria activity described in the literature. Also, the study 
performed by Chung, Shin, and Oh (2010), using a packed-bed reactor, also confirmed that 




















5.4.2 Total Dissolved Solids Monitoring in Columns 
The total dissolved solids (TDS) were also monitored in this study, given the high salinity 
present in the groundwater. The contaminants present in the groundwater are the major 
contribution to TDS concentrations. Figure 5.24 and Figure 5.25 show the influent and effluent 
TDS measurements and the EBCT values measured during the biodegradation testing for the 
deep and intermediate columns. In the deep columns, the initial TDS concentration was 9018.7 
mg/L and calculated by the average of the sum of all contaminants and metals measured in 
multiple diluted feed samples (Well 05-D). From Day 100 until the end of the experiment (Day 
381), a less contaminated batch of groundwater (Well 05-D) was used, decreasing the TDS 
concentration in the feed solution to 4,429.3 mg/L in the deep columns. Until Day 283, the 
overall effluent concentrations matched the influent concentrations in Columns A and B, except 
for a few data points. These higher concentrations could be related to analytical and human 
errors during the TDS quantification. From Day 283 until the end of the test (Day 381), the TDS 
concentration in the undiluted feed solution increased to 20,768 mg/L. The effluent 
concentrations during this period also increased in both deep columns, showing even higher 
values than the influent line.  
The first batch of diluted feed solution in the intermediate columns (Well 01-I) had an 
initial TDS concentration of 5,348 mg/L, measured analytically rather than calculated as in the 
deep columns. In the intermediate columns, effluent concentrations showed values higher than 
the influent concentration from the beginning of the test. The reason for this discrepancy is 
because the feed solution was measured only one time by an analytical method. After Day 100, 
the intermediate columns were fed with the less contaminated groundwater (Well 02-I), 




concentrations in the intermediate columns remained lower than the influent line, except for one 
data point. This value could be related to human and analytical errors during its quantification.  
As previously mentioned, TDS can impact negatively the degradation of the 
contaminants. When diluted groundwater with an approximately TDS of 5,000 mg/L (0.50%) 
was used, degradation of all contaminants occurred. However, when undiluted groundwater with 
an approximately TDS of 23,000 mg/L was applied, nitrate, chlorate, and perchlorate reduction 
achieved only 71%, 40%, and 24% reduction, respectively. Besides, Martin (2020) found in 
diluted microcosms (24,000 mg/L TDS) using molasses, that nitrate, chlorate, and perchlorate 



















5.4.3 Chloride Monitoring in Columns 
Chlorate and perchlorate are biodegraded and reduced to chloride. Chloride 
concentrations can be quantified by analytical methods (e.g., Flow Injection Analysis 
Colorimetry). As another parameter to evaluate biodegradation, the chloride measured by 
analytical methods in the effluent can be compared to the expected chloride concentration 
obtained by theoretical calculations (Section 3.5.2). Table 5.2 shows the results of the 
calculations demonstrated in Section 3.5.2 for all the groundwater samples measured during this 
project. As shown in Table 5.2, for the groundwater of Wells 05D and 01I, used in this 
investigation, about 60–70% chloride can originate from chlorate and perchlorate degradation. 
This fact is significant because chloride is a significant component of TDS, which negatively 
impacts biodegradation. Therefore, the biological reduction of chlorate and perchlorate per se 
creates an environment that negatively impacts biodegradation.  
 Since contaminant influent concentrations were measured less often than effluent 
concentrations, an average of the measured values was taken and used for all influent data input. 
Appendix B shows all the expected chloride calculations. Figure 5.26 and Figure 5.27 show the 
influent, effluent, and expected chloride concentrations for the deep and intermediate columns.  
 In the deep columns, until around Day 120, the expected chloride was lower than the 
chloride measured in the effluent. This was likely due to no or partial degradation of perchlorate 
during this period since perchlorate took longer than chlorate to degrade. In the intermediate 
columns, chlorate and perchlorate took about 100 days to start degrading. The expected chloride 
computations started on Day 115 for the intermediate columns due to unmeasured influent 
chloride concentrations during this period. Because of that, the expected chloride and the 
chloride measured in the effluent for intermediate columns showed a good correlation from Day 




The second feed solution (2), applied from Day 181 until Day 197, did not have molasses 
and microbial culture in its composition. During this second period, the deep columns showed a 
decrease from 2,000 mg/L to about 700 mg/L for expected and effluent chloride concentration. 
This is due to the lower degradation of perchlorate and chlorate during this period, operating 
with a reduced carbon substrate. However, the intermediate columns showed full degradation of 
perchlorate and chlorate, giving a good correlation of expected and effluent chloride 
concentrations during this period.  
From Day 197 until Day 216 (Period 3), partial molasses was restored to the feed 
solution. In the deep columns, chlorate concentrations decreased, while perchlorate 
concentrations remained high, showing no degradation. For the intermediate columns, chlorate 
and perchlorate remained low, showing degradation. Due to these changes, expected and effluent 
chloride concentrations increased in the deep columns and remained the same in the intermediate 
columns, showing a good correlation in all of them.  
In the fourth period, from Day 216 until Day 283, full molasses concentration was 
restored. In the deep columns, chlorate and perchlorate concentrations decreased, showing 
biodegradation, while the intermediate columns continued degrading both contaminants. The 
expected and actual effluent chloride concentrations increased with a good correlation in the 
deep columns due to the degradation of chlorate and perchlorate. In the intermediate columns, 
the concentrations remained in the same range as previously and also showed a good correlation 
between expected and actual effluent chloride concentrations.  
From Day 283 until the end of the experiment, an undiluted feed was applied, increasing 
the load of the contaminants in the feed solution. In all four columns, chlorate and perchlorate 




Column A showed a better correlation between expected and effluent chloride during the last 
period of testing. However, Column B and the intermediate columns (C and D) showed a lot of 
divergence between the expected and measured chloride curves during the last period of testing. 
This behavior was expected since minimal biodegradation of chlorate and perchlorate occurred 
during this period. Nonetheless, in the local site area, because chlorate and perchlorate levels are 
very high (chlorate from 550 to 25,000 mg/L; perchlorate from 85 to 3,250 mg/L) compared to 
the background chloride concentration (280 to 5,500 mg/L), it is possible to correlate 
biodegradation to an increase in chloride levels. The data revealed good agreement between 
measured and estimated chloride concentration for the periods where significant perchlorate and 
chlorate degradation occurred.  
 
 
Table 5.2 – Computation of expected chloride concentrations for several groundwater wells. 
 











































Generated Cl-  
Influent Cl- 
Ratio
Total Exp. Cl-  
Effluent Cl- *













Raw 05D 2,300 11,100 1,600 4,719 571 5,290 7,590 69.70% 2.3 2.0
Raw 01I 670 2,000 315 850 112 963 1,633 58.96% 1.4 0.6
Raw 01D 4,800 23,883 2,800 10,154 999 11,153 15,953 69.91% 2.3 N/A
Raw 02I 250 567 85 241 30 271 521 52.05% 1.1 N/A
Raw 251 5,500 25,000 3,250 10,629 1,160 11,788 17,288 68.19% 2.1 N/A
Diluted 05D 670 2,000 445 850 159 1,009 1,679 60.10% 1.5 0.8






Measured in Groundwater 
Samples
Theoretical Chloride Generation Computation Calculated Chloride Ratios 
*Computed average effluent chloride concentrations during the period of time at which chlorate and perchlorate degradation was complete (from Day 
120 to Day 180)   


























5.4.4 Chemical Analyses in Columns 
Figure 5.28 to Figure 5.31 depict the concentrations of various chemical compounds in 
the influent and effluent from Columns A to D diluted and undiluted feed solutions. These 
measurements were made to evaluate the potential dissolution of toxic metals from the soils once 
anoxic conditions are established in the groundwater and soil. Complete data sets for all 
chemical compounds measurements performed are shown in Appendix E. Multiple samples from 
different days were tested for the full scan of major metals; however, for the graphs, average 
values were taken for each of the five different periods of feed solution modifications. One 
reason for tracking metal concentrations during bioremediation is to monitor the potential 
dissolution of metals under reducing conditions. For all four columns an increase in 
concentration in the effluent was observed for arsenic (0.01 to 0.4 mg/L), copper (0.04 to 0.4 
mg/L), magnesium (100 to 132 mg/L), manganese (0.1 to 0.5 mg/L), and lead (0.001 to 0.010 
mg/L). No increase in selenium levels was observed. Selenium is a naturally occurring 
contaminant in the studied area and of great concern given its toxicity to wildlife (Korte, 2000). 
A decrease in sulfur/sulfate concentration was also noticed in all four columns, with 
higher depletion observed in columns C and D. Sulfate reductions of over 90% were observed 
and more pronounced in Columns C and D, showing stronger reducing conditions (e.g., stronger 
hydrogen sulfide odor and darker color of the column contents) as compared to Columns A and 
B. This decrease is the result of partial biological sulfate reduction. A very significant decrease 
in total chromium concentration was also observed, demonstrating that chromium was reduced. 
As mentioned earlier, hexavalent chromium reduction in this study is thought to be a 
combination of abiotic reduction with molasses and biotic reduction; however, the contribution 
of each component cannot be computed from the experiments performed. Total chromium levels 




which was added as a nutrient. Phosphorus levels decreased from about 30 mg/L to < 5 mg/L, 
and the decrease was more pronounced during the periods of higher degradation, as mentioned 
earlier.  
A decrease in the concentration of potassium, calcium, magnesium, iron, zinc, and 
aluminum was also observed in all columns. A decrease in sodium levels from 4,000 mg/L to 
2,400 mg/L was only observed when undiluted groundwater was used. It is believed that the 
decrease in these metals’ concentrations is associated with the formation of inorganic 
precipitates. The formation of precipitates has been observed in this study when molasses is 
added as a carbon source. Because potassium salts are less soluble than sodium salts, it is 
believed that the addition of molasses, which contains a significant amount of potassium, may 
result in the formation of chlorate and perchlorate salt precipitates. In some of the columns, 
potassium levels decreased from 60 mg/L to 20 mg/L. This finding is significant because 
decreases in chlorate and perchlorate may be the result of precipitation. In actual applications, 
those salts would still be present and would be diluted as groundwater is cleaned-up. This issue 
is currently under evaluation and is not part of this thesis. Calcium and magnesium are also well-
known components of inorganic precipitates, such as calcium and magnesium phosphate, 






























5.5 Packed-Bed Bioreactor Content Evaluation Post-Biodegradation 
5.5.1 Analyses of Moisture in Packed-Bed Reactors after Biodegradation 
Moisture content analysis was also performed for the mixture of soil and sand contained 
in the columns after the experiment was completed. Table 5.3 shows the moisture for the content 
of all four columns used during the experiment.  
 
 
Table 5.3 - Soil moisture content results for all four soil samples used during the experiment. 
Sample Soil moisture wet 
basis (%) 
Average soil moisture 
wet basis (%) 
Average soil moisture 
dry basis (%) 
Column A 21.77 21.59 27.53 
21.40 
Column B 21.58 21.68 27.68 
21.77 
Column C 22.67 22.54 29.10 
22.41 




The overall moisture content on a wet basis varied from 21.59 to 22.89% for all four 
columns. It is important to remember that the columns contained a mixture of sand and soil. 
Deep columns (Columns A and B), containing soil from 95 to 105 ft-bgs and sand, showed the 
lowest moisture content (21.59% and 21.68%, respectively), while intermediate columns 
(Columns C and D), containing soil from 75 to 85 ft-bgs and sand, showed the highest moisture 
contents of 22.54% and 22.89%, respectively. As expected, the moisture content of the mixture 




remember that the columns contained 60% sand and 40% soil by volume. The bulk density of the 
sand used was 2.61 g/mL. The bulk density of the soil, measured in the laboratory, varied from 
1.4 to 1.9, depending on the water content of the sample. The reason for this variation is likely 
due to the expansive nature of the clays contained in these soils. A local engineering company 
provided a bulk density of 1.23 g/cm3 of the soil from the same area as the soil used in this study. 
Assuming this value of bulk density, the amount of soil, on a mass basis, present in a column 
varies from 24% to 30%. 
5.5.2 Extraction of Contaminants from Columns by Rinsing with Ultrapure Water 
To determine the concentration of several contaminants in the soil, three soil extractions 
were performed following the procedures described in Section 3.6.2. The volume for each soil 
rinse was measured, and the concentrations of contaminants present were analyzed. Figure 5.32 
shows the comparison between the contaminant concentrations present in the soil before and 
after biodegradation testing. The mass of contaminants (Equation 5.1) was calculated by 
multiplying the concentrations of the contaminants by the volume of the extract obtained, 
divided by the mass of dry soil. 
Equation 5.1 – Mass of Contaminants Obtained from the Performed Soil Extractions 
Mass of contaminants per gram of soil=
Concentration of contaminant × volume
Mass of dry soil
  
 
The overall mass of contaminants extracted was computed by adding the contaminant 
masses obtained from all three extractions. All collected data and calculations performed to 
determine the final mass of contaminants are presented in Appendix F.  
For all contaminants measured in the pre- and post-test soils, all mass contaminant 




biodegradation tests. This occurred, despite processing undiluted GW in the last months of 
testing with minimal degradation. The data indicate that during the testing, the contaminants 
were leached out of the soil and biodegraded along with the contaminants contained in the GW. 
Perchlorate, chloride, phosphate, and TOC concentrations were higher for Columns A and B than 
for Columns C and D. This was expected since the GW feeding columns A and B was more 
contaminated than that feeding columns C and D. For chlorate and total chromium, the 
concentrations in all columns were in similar ranges. However, for nitrate, sulfate, and ammonia, 
Columns C and D showed higher concentrations. The highest contaminant concentration found 
in all four columns was chlorate, with a range from 6.66 to 7.42 mg/g of dry soil. The lowest 
contaminant concentration was for total chromium, varying from 0.008 to 0.018 mg/g of dry soil, 
while hexavalent chromium was not detected in any sample post-biodegradation. 
High levels of ammonium were also found in the post-degradation column soils, resulting 
from the use of urea/DAP as a source of nitrogen. Some phosphate and nitrate were also 
extracted from the post-biodegradation columns. Several cations and anions, such as phosphate, 
ammonium, and nitrate, are known to adsorb into clayey soils (Darbi et al., 2003; Alshameri et 
al., 2018). Therefore, the clayey soils will adsorb some of the microbial amendments used, 
especially ammonium and phosphate. Therefore, for field-demonstration, the amount of 
phosphate and ammonium may be in excess to mitigate the adsorption of these amendments onto 
the clayey soils and still provide adequate nutrients to allow microbial growth. However, the 















5.5.3 Chemical Analyses Evaluation in Soil Extracts 
Figure 5.33 shows the metal concentrations in the soil extracts from the biodegradation 
column post-testing. The concentrations of metals were similar between the four columns, except 
for Ca and Sr, which were two to three times higher in Columns C and D. The highest 
concentrations found in the soil extracts were for sodium (4.94 to 6.23 mg/g of dry soil) followed 
by silicon (1.34 to 3.1 mg/g of dry soil). Magnesium showed very low levels in Column A (0.29 
mg/g of dry soil), increasing to 0.43 mg/g of dry soil in Column B, 0.57 in Column C, and 0.81 
mg/g of dry soil in Column D. Sulfur remained in a range from 0.48 to 0.76 mg/ g of dry soil 
among the four columns. Calcium showed concentrations of about 0.18 mg/g of dry soil in 
Columns A and B, and 0.5 mg/g of dry soil in Columns C and D. Potassium remained about 0.18 
mg/g of dry soil in all four columns. Aluminum, iron, and phosphorus were found within the 
range of 0.05 to 0.2 mg/g of dry soil in all four columns. Total chromium concentrations were 
very low, about 0.018 mg/g of dry soil in all four columns, while hexavalent chromium (Figure 
5.32) was not found in the soil extracts, which can be related to total biodegradation or insoluble 
precipitate formation. All the remaining metals were found in concentrations below 0.013 mg/g 










Chapter 6  Microbiological Investigations 
6.1 Major Findings for Bacterial Analyses in Soil Extracts from Bioreactors 
The mixture of soil and sand contained in Bioreactors A and B, and C and D, after 380 
days of biodegradation testing, were blended to form two samples. Following the procedures 
described in Section 3.6.3, the soil samples were sent to the Microbial Insights Laboratory, 
which performed Next Generation Sequencing (NGS) and qPCR of genes that encode for 
enzymes reducing perchlorate and nitrate.  
For NGS, the general methodology involves template or library preparation, nucleic acid 
sequencing, and data analysis. First, community genomic DNA (cgDNA) is extracted from the 
soil sample and disjointed into a library of small nucleic acid segments. The ends of these DNA 
fragments are then enzymatically joined with a chemically-synthesized adaptor molecule, which 
is a DNA molecule of a known sequence. Next, the library is amplified and subsequently 
sequenced. During sequencing, each DNA base fragment is recognized by signals released 
through light emission, while the complement of the fragment strand is resynthesized. At the 
end, nucleotides strings will categorize each microorganism present in the microbial culture from 
the sample (Thermo Fisher Scientific, 2020).  
The method used to quantify the genes for perchlorate and nitrate reducers is quantitative 
polymerase chain reaction, or qPCR. In qPCR, copies of a selected gene are generated in a series 
of cycles. Fluorescence is released every time a copy is made, quantifying the amount of target 
genes existing in the sample (Thermo Fisher Scientific, 2015).  
The microbial diversity and percentages of bacteria found in the blended soils from 
bioreactors Columns A and B, and C and D are depicted in Figure 6.1 and Figure 6.2, 
respectively. The major genera in the combined soil from Columns A and B were 
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Sulfurospirillum (12%), Saccharibacteria genera incertae sedis (10%), Thauera (8%), 
Rhizobium (5%), and Parcubacteria incertae sedis (5%) While for the combined soil from 
Columns C and D the major genera were Rhizobium (15%), Pseudomonas (15%), Thiobacillus 
(9%), Vittelibacter (7%), Trichococcus (7%), and Silanimonas (6%). The data revealed different 
microbial ecology dominance between the columns. Columns C and D contain fewer genera, and 
60% of the bacteria found constitute only five genera. Conversely, Columns A and B had more 
diversity, and 60% of the bacteria are represented by 12 genera. Although Rhizobium was present 
in both sets of columns, its percentage in Columns C and D was three times greater than that in 
Columns A and B. A similar trend was seen for Pseudomonas that occurred at 3% in Columns A 
and B, but at 15% in Columns C and D. Thauera occurred at 8% in Columns A and B, but only 
at 3% in Columns C and D. Therefore, Columns C and D presented more dominant genera than 
Columns A and B.  










Figure 6.2 - Top genera of combined soil from Columns C and D. 
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Table 6.1 and Figure 6.3 show the major phyla detected in the mixed soils from Columns 
A and B, while Table 6.2 and Figure 6.4 list the major phyla found in the soil from Columns C 
and D. The major phyla found in both mixed soil samples included Proteobacteria (69.7% for 
Columns A and B; 51% for Column C and D), Bacteroidetes (9.7% for Columns A and B; 19.6% 
for Columns C and D), Actinobacteria (8.9% for Columns A and B; 11% for Columns C and D), 
Candidatus Saccharibacteria (2.2% for Columns A and B; 9% for Columns C and D), 
Parcubacteria (1% for Columns A and B; 4.2% for Columns C and D), and Firmicutes (6.9% for 
Columns A and B; 3.6% for Columns C and D). The data revealed that there was a large 
diversity of bacteria, but only a small percentage (0.1%) of archaea from the phylum 
Euryarchaeota. The presence of Euryarchaeota is interesting because it includes methanogens, 
halophiles, and sulphur-reducing organisms (Matsumi et al., 2011). The presence of halophilic 
bacteria, which are capable of degrading chlorate and perchlorate, is a very interesting finding. In 
future studies, attempts will be made to isolate this bacterium to study its properties and to 
investigate if alone can degrade perchlorate at high salinity levels.   
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Table 6.1 - Phyla of bacteria identified in mixed soil from Columns A and B. 





Candidatus Saccharibacteria 2.2 
Parcubacteria 1.0 
Chloroflexi 0.4 














Table 6.2 - Phyla of bacteria identified in mixed soil from Columns C and D. 
Phylum 
Percentage of 












Acidobacteria < 0.1 
Verrucomicrobia < 0.1 




Figure 6.4 – Top phyla of combined soil from Columns C and D (Microbial Insights, 2020b). 
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6.2 Gene Analysis for Perchlorate and Nitrate Degrading Bacteria in Soil Extracts 
from the Bioreactors  
The complete reports for microbial diversity and qPCR for perchlorate and nitrate-
reducing genes in the soils and groundwater are contained in Appendix G. Table 6.3 shows the 
functional gene detections for perchlorate and nitrate-reducing enzymes in the combined soils for 
the columns, post biodegradation testing. The results from the analyzed soils did not show a 
significant presence of perchlorate-reducing bacteria genes, perhaps because samples were taken 
three months after running with undiluted wastewater. During this period, perchlorate 
degradation was minimal. The number of denitrifying bacteria nirK in the combined soil from 
Columns A and B was also insignificant, while Columns C and D showed a small number of 
genes of denitrifying bacteria nirK. However, the number is only an estimate because the 
concentration was between the lower quantitation limit (LQL) of 100 cells/sample and the 
practical quantitation limit (PQL) of 5,000 cells/sample. For denitrifying bacteria nirS, the 
combined soil from Columns A and B showed < 3.55E+07 cell/g, while Columns C and D 
showed < 1.41E+05 cell/g, which were significant.   
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Table 6.3 - Functional bacteria genes for soil samples. 
Functional Genes 
Combined Soil 
Columns A and B 
Combined Soil 
Columns C and D 
(cells/g) (cells/g) 
Perchlorate Reductase 
< 1.00E+04 <1.00E+04 
(pcrA) 
Denitrifying Bacteria 
< 1.00E+04 3.30E+02 (J) 
(nirK) 
Denitrifying Bacteria 
< 3.55E+07 < 1.41E+05 
(nirS) 
Legend:  < PQL= Result Not Detected 
(J) = Estimated gene copies below practical quantifiable limit (PQL) but 
above lowest quantifiable limit (LQL) 
 
 
The qPCR method is a process whereby a target gene in a sample is located using short 
segments of DNA, called primers. Many copies of the target are then generated. As each copy is 
made, a fluorescent marker is released, measured and used to quantify the number of target genes 
present in the sample. The fluorescence signal increase is proportional to the concentration of the 
organism that is in the sample (Microbial Insights, 2021). There is a 1:1 conversion used 
between gene copies/mL and cells/mL for nirS, nirK and pcrA. Currently, all of the known 
organisms have just one copy of the specific gene that we are targeting for each of these assays. 
Based on the unit (cells/g) of the results shown in Table 6.3, one cell is equal to one gene per 
grams (Microbial Insights, 2021).   
The practical quantifiable limit (PQL) was 5000 cells/sample for all three gene targets. 
This value was then divided by the volume used for the DNA extraction for each sample. The 
laboratory reported that 0.5 grams of each soil sample were extracted, and no more than that 
mass could be used, in order not to overwhelm the extraction fluids during the initial DNA 
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extraction steps. A lower percentage of reads classified correlated with low bacterial biomass in 
the samples. Additionally, soil samples often contain metals, humic matter, and other inhibitors 
that could interfere with the steps that use PCR to amplify templates out of DNA. Sometimes, in 
these cases, running a dilution of the sample could improve the results (Microbial Insights, 
2020a, 2021).  
6.3 Comparison of Major Phyla and Genera Found in Mixed Soil from the Site 
Before and After Biodegradation Took Place  
In related research performed by Martin (2020) (i.e., Preliminary Microcosm Testing), 
soils from borings M-251 and M-253 were mixed at a ratio of 1:1, with all horizons blended. The 
soil sample was sent for genetic analysis of native bacteria by RTL Genomics. The major phyla 
found in the soil were Bacteriodetes, Firmicutes, Actinobacteria, Proteobacteria, 
Planctomycetes, and Euryachaeota (Figure 6.5). The major phyla found in the soils of borings 
M-251 and M -253 were the same found in the columns after bioremediation took place (Table 
6.1, Table 6.2, and Table 6.4), showing that the soil bacteria play a major role in the microbial 
ecology, despite bioaugmentation with sludge from a bioreactor that treats the similar 
groundwater, but about 100-200 times less contaminated.   
In another related study, the major genera in the native soils were compared with the 
major genera found in the sludge used as bioaugmentation seed. Overall, there were very few 
genera found in common between the sludge and the native area samples. The highest 
concentration genus in the seed sludge, Arcobacter, was only identified in considerable 
concentrations in the blended boring M-251 soil. Pseudomonas was present in all samples, other 
than the mixed soils from borings M-251 and M-253, and was also a major component of the 









Table 6.4 - Phyla of bacteria identified in blended and column soils after biodegradation. 
Blended Soil M-251 and M-
253 
Mixed soils from Columns A 
and B 














Bacteroidetes 27.7 Proteobacteria 69.7 Proteobacteria 51.0 
Firmicutes 27.5 Bacteroidetes 9.7 Bacteroidetes 19.6 
Actinobacteria 17.1 Actinobacteria 8.9 Actinobacteria 11.0 
Proteobacteria 7.56 Firmicutes 6.9 Candidatus 
Saccharibacteria 
9.0 
Planctomycetes 5.33 Candidatus 
Saccharibacteria 
2.2 Parcubacteria 4.2 
Euryachaeota 2.02 Parcubacteria 1.0 Firmicutes 3.6 
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Table 6.5 lists the major genera found in the blended soils from borings M-251 and M-
253, in the mixed soils from Columns A and B extracts, and in the mixed soils from Columns C 
and D extracts. There are many genera in common between the soils contained in Columns A 
and B (95’-105’) and C and D (75’-85’). The only genus found in all three samples was 
Pseudomonas, a metabolically versatile genus.  
 
 
Table 6.5 - Major genera found in blended soils and biodegradation columns extract. 
Blended soil M-251/M-253 Columns A and B Columns C and D 
Agrococcus Actinomyces Azoarcus 
Arcobacter Alkaliflexus Castellaniella 
Bartonella Castellaniella Cellumonas 
Chelativorans Cellulomonas Devosia 
Denitrobacter Parcubacteria genera incertae Propionicimonas 
Ignavibacterium sedis Pseudomonas 
Longilinea Petrimonas Rhizobium 
Methyloversatilis Proteiniphilum Saccharibacteria genera 
Pedobacter Pseudomonas incertae sedis 
Pseudomonas Rhizobium Silanimonas 
Stenotrophomonas Saccharibacteria genera Simplicispira 
Sulfuritalea incertae sedis Tabrizicola 
Thermomonas Silanimonas Thauera 
Vibrio Simplicispira Thiobacillus 
Yonghaparkia Sulfurospirillum Trichococcus 
 
 
6.4 Comparison of Major Genera Found in Microcosm Experiment and in the 
Bioreactor Soils after Biodegradation Took Place 
The blended soil from borings M-251 and M-253 was used in the preliminary microcosm 
testing performed by Martin (2020). The predominant phylum following degradation was the 
Proteobacteria phylum with a distribution of Alpha-, Beta-, and Gamma-Proteobacteria. Only 
seven genera were represented in notable quantities. With increasing dilution, the prevalence of 
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Alcaligenes sp. and Denitromonas sp. decreased, while the prevalence of Azoarcus sp. and 
Vibrio fluvialis increased. However, regardless of dilution, Vibrio fluvialis and the Alcaligenes 
sp. were present in high concentrations. In the column experiments, after the degradation, the 
Proteobacteria phylum was present in great amounts varying from 51-69.7% (Table 6.4). 
Therefore, the microbial ecology established in the microcosms and in the columns was 
dominated by Proteobacteria, which are known as perchlorate and nitrate reducers (Bruce, 
Achenbach and Coates, 1999). 
In addition to the soil comparison, Table 6.6 shows the predominant genera found in the 
sludge used as the microbial source for the columns, as well as the soils extracted from the 
columns post-biodegradation. The comparison shows that the common genera found in all 
samples were Parcubacteria genera incertae sedis, Pseudomonas, and Saccharibacteria genera 
incertae sedis. As previously mentioned, the main phylum found in the columns and the soil was 
Proteobacteria, which is also the phylum of the Pseudomonas, found in a high percentage in the 
sludge sample. Besides Pseudomonas, the genera Arcobacter, Geobacter, and Azoarcus, found in 
high amounts in the sludge sample, are also from the phylum Proteobacteria, and well-known 
perchlorate and nitrate reducers (Bruce, Achenbach and Coates, 1999).  
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Mixed soils from Columns A 
and B 



















9.7 Pseudomonas 13.7 
Geobacter 5.2 Thauera 7.9 Thiobacillus 8.6 









4.4 Proteiniphilum 3.9 Silanimonas 5.5 
Hydrogenophaga 3.2 Castellaniella 3.3 Devosia 3.2 
Xenophilus 3.1 Actinomyces 3.1 Castellaniella 3.1 
Weissella 2.9 Pseudomonas 3.0 Cellulomonas 3.0 
Acinetobacter 2.7 Tabrizicola 3.0 Thauera 2.5 





Aureivirga 2.2 Simplicispira 2.8 Propionicimonas 1.6 
Mycoplasma 1.8 Cellulomonas 2.3 Tabrizicola 1.4 
Macellibacteroides 1.6 Petrimonas 2.2 Simplicispira 1.3 
Halothiobacillus 1.6 Silanimonas 2.2 Azoarcus 1.2 




6.5 Major Genera Characterization 
As mentioned earlier, the microbial ecology established in Columns C and D contained 
fewer genera than that of Columns A and B, and 60% of the bacteria found was comprised of 
only five genera. Conversely, Columns A and B had more diversity, and 60% of the bacteria 
were represented by 12 genera. The general characteristics of the most common genera found are 
described below. 
Sulfurospirilum is an epsilon-proteobacterium and is a class of the Campylobacter genus, 
a facultative anaerobic or microaerophilic genus of chemoheterotrophs. This genus uses organic 
acids and hydrogen as electron donors, and fermentative growth is possible. These bacteria use 
sulfur and other sulfur compounds as electron acceptors (Goris and Diekert, 2016; Yin et al., 
2019). One species, S. halorespirans, has been shown to reduce PCE to cis-DCE. 
Sulfurospirilum can reduce sulfur, arsenate, or tetrachloroethane, and some species can 
reproduce anaerobically using nitrate for anaerobic respiration. Sulfurospirillum are free-living 
organisms, which colonize mucosal surfaces of the digestive or urogenital tracts in animals and 
birds (Devine & Dikeman, 2014). Therefore, this genus could have degraded nitrate and sulfate 
in the columns. A bacterium included in the same class is Wolinella succinogenes, which is 
known to degrade perchlorate (Wallace et al., 1996). 
Saccharibacteria incertae sedis is an unclassified genus of aerobic or facultative 
anaerobic bacteria, inside Saccharibacteria phylum. Bacteria from the Saccharibacteria phylum 
are ubiquitous members of the human oral microbiome and are part of the Candidate Phyla 
Radiation (Boor et al., 2019). A limited range of organic compounds are utilized as carbon and 
energy sources, but specific types vary under anaerobic, anoxic, or aerobic conditions, though 
aerobic conditions are the most favorable. These bacteria are considered nitrate reducers under 
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anoxic conditions (Kindaichi et al., 2016). In addition, these microorganisms were capable of 
proliferating under high concentrations of perchlorate. Thus they are likely to be considered 
perchlorate reducers (Sha et al., 2020). 
Thauera is a genus of aerobic and denitrifying proteobacteria. One species is capable of 
aerobic denitrification. Thauera is chemoorganotrophic, utilizing organic and amino acids, 
aromatic and aliphatic compounds, and a few carbohydrates. Some strains degrade toluene 
anoxically via the benzyl succinate synthase gene (Wan et al., 2016). One species of Thauera is 
known to utilize selenium oxyanions, where selenate is reduced to selenite, with the complete 
reduction to elemental selenium in the presence of nitrate. Thauera spp. are commonly found in 
wastewater treatment plants and occur in various aquatic environments, including surface water, 
groundwater, and seawater (Wan et al., 2016). A few studies have been conducted to prove the 
capacity of some Thauera strains on simultaneous generating of electricity and removal nitrogen 
(Yang et al., 2019). 
Rhizobium, a genus of an aerobic chemoorganotrophic, a well-known nitrogen-fixing root 
nodule bacterial symbiont of legume plants. A variety of carbohydrates and carboxylates are 
utilized as carbon and energy sources, and nitrates, amino acids, and ammonium salts are used as 
nitrogen sources (Beeckmans, 2009). Slime is produced from the carbohydrates, while vitamins 
are required for growth. Rhizobium induces hypertrophisms in the root nodules of plants, 
reducing nitrogen into ammonia, used by the host plant (Schaechter, 2009). Several Rhizobium 
species are known to perform denitrification under anoxic conditions (Daniel et al., 1985).  
 Parcubateria genera incertae sedis, is a genus of unclassified bacteria inside the 
Parcubacteria phylum. It has been proposed that Parcubacteria obligately ferments simple 
sugars to organic acids, and can also degrade complex carbon sources. Species have also been 
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implicated in hydrogen and sulfur cycles in anoxic sediments. These bacteria are found in 
exclusively anoxic environments. The organisms have small genomes, with severely reduced 
metabolic capabilities (Nelson & Stegen, 2015). 
Proteiniphlium is a gram-negative, obligately anaerobic, proteolytic, and 
chemoorganotrophic genus from the family of Porphyromonadaceaeis. Though generally 
considered non-saccharolytic, some species may utilize carbohydrates. Proteins, organic acids, 
and amino acids are fermented, and the fermentation products are acetic acids, ammonia, and 
carbon dioxide. These species were originally isolated from different biogas reactors (Chen & 
Dong, 2005). 
Castellaniella is a facultatively anaerobic genus of bacteria. A wide range of organic 
compounds, including alkenoic monoterpenes, are utilized as carbon and energy sources, with 
some species also using phenol and their derivatives. Most species are capable of denitrification. 
Castellaniella is mainly found in soil. 
Actinomyces is a genus of facultatively anaerobic Actinobacterias, and belong to the 
normal indigenous microflora, so they are considered as facultative pathogens. Their cell 
morphology is characterized by the formation of fungus-like branched networks of hyphae. 
Enzymes are produced that degrade organic material. Actinomyces are generally found in soil but 
have also been detected in clinical samples. They have been associated with the biodegradation 
of several compounds in soil (Ming et al., 2010) and with the disruption of mucosal membranes 
(Tang et al., 2015).  
Pseudomonas, is a genus of metabolically versatile, chemoorganotrophic aerobes. 
Generally, oxygen is the terminal electron acceptor, though growth by nitrate reduction or 
complete denitrification may also occur under anaerobic conditions by many species. Growth 
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conditions vary greatly between the species. One particular Pseudomonas specie, P. aeruginosa, 
is a known denitrifier. Pseudomonas is ubiquitous in nature but may be less tolerant of acidic 
environments. Pseudomonas has also been identified as perchlorate-reducing bacteria (Batt, 
2014). 
Tabrizicola is a genus of aerobic anoxygenic mixotrophs. A limited range of organic 
compounds serve as growth substrates under chemo-heterotrophic growth in the dark. 
Photoheterotrophic growth under low oxygen conditions is possible. Some species may be 
capable of the biosorption of heavy metals (Tahriz et al., 2019). Even though Tabrizicola has 
been predominantly found in marine environments, it has been isolated from freshwater, tidal 
flats, and an activated sludge process, as well as a type of wastewater, involved some consortia 
of bacteria and protozoa (Ko et al., 2018). 
Alkaliflexus is a genus of anaerobic chemoorganotrophs. Cells have gliding motility and a 
yellow to pink color, due to the production of carotenoids. Carbohydrates are fermented, and 
sodium ions and carbonate ions are required for growth. Alkaliflexus is alkaliphilic that grows at 
pHs ranging from 7.5 to 10.2 (optimal at 8.5 pH), and was originally isolated from an alkaline 
soda lake (Whitman, 2012). They are likely associated with the fermentation of molasses used as 
a carbon source in this research (Yuan et al., 2016). 
Simplicispira, is a genus of aerobic and facultatively anaerobic 
chemoorganoheterotrophs. Neutrophilic and mesophilic, Simplicispira are capable of 
denitrification. Species have been reclassified from Aquaspirillum. It has been isolated from an 
activated sludge system that performed enhanced biological phosphorus removal (EBPR) in a 
sequencing batch reactor (SBR) (Lu et al., 2007). 
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Thiobaccillus, is a genus of sulfur-oxidizing aerobes, or facultative anaerobes. Reduced 
sulfur, thiosulfate, or both compounds, are oxidized to sulfate. Thiobacillus generally grows 
autotrophically, but some species grow chemoorganotrophically or chemolithotrophically. All 
species are carbon dioxide fixers. Additionally, some species are facultative denitrifiers, with T. 
denitrificans capable of complete denitrification. Thiobacillus spp are found in a variety of 
environments where high levels of oxidizable sulfur compounds are present, such as sulfur 
springs or sewage treatment plants. In addition, some species are capable of microbial corrosion 
with Thiobacillus thiooxidans, T. thioparus, and T. concretivorus (Neilands, 1974). 
Vitellibacter, is a strictly aerobic genus of chemooganotrophs. Organic and amino acids 
are utilized as growth substrates, and some proteins are hydrolyzed. Sodium ions are required for 
growth. Members of the genus Vitellibacter have been isolated from marine habitats and marine 
organisms, as well as water between the ocean and a freshwater spring. However, members of 
the genus have not been shown to reduce nitrate (Kim et al., 2018). 
Trichococcus is a genus of aerotolerant bacteria possessing a fermentative type of 
metabolism. Sugars, sugar alcohols, and polysaccharides are utilized as carbon and energy 
sources. Under aerobic conditions, lactate and acetate are formed from glucose, in addition to 
formate and ethanol being produced under anaerobic conditions. Trichococcus has been found in 
activated sludge, soil, swamps, and areas rich in hydrocarbons. Trichococcus has been widely 
used in environmental bioremediation and extracellular polysaccharide production, as well as 
lactic acid production from various carbohydrates, and the production of molecules with 
apparent antifreeze properties (Holzapfel & Wood, 2014). 
Silanimonas, is a genus of aerobic chemoorganotrophs. Carbohydrates and organic acids 
are utilized as carbon and energy sources. Silanimonas hydrolyzes some proteins. Species have 
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been isolated from hot springs and mangrove sediment. Silamonas has been found to dominate 
the attached bacterial fraction in microcystis cultures, commonly detected during cyanobacterial 
blooms (Chun et al., 2017). 
Devosia is a genus of obligately aerobic bacteria. A wide range of organic compounds are 
utilized as carbon and energy sources and vary between species. Some species are capable of 
nitrate reduction, and can grow in the presence of hydrocarbons. One species, D. glacialis, is a 
known slime producer (Foster, 1944). 
Cellulomonas, a genus of aerobic chemoorganotrophs, whose metabolism can be 
respiratory or fermentative. Cellulomonas strains have been shown to degrade cellulose and 
hemicellulose, making these strains useful in the paper, textile, and food industries, as well as 
soil fertility and bioremediation. One strain has been shown to reduce Cr(VI), Fe(III), and U(VI) 
through a dissimilatory process under anaerobic, non-growth conditions. Cellulomonas is found 
in soil and compost, specifically in locations of decaying wood (Zhuang et al., 2015). 
In summary, a great diversity of bacteria was found in the columns, and including known 
genera capable of perchlorate/chlorate and nitrate reduction. In addition, some genera capable of 
living in saline environments were also found. Furthermore, some genera related to carbohydrate 
fermentation were present, and are likely associated with the use and degradation of molasses in 
this research. The microbial ecology established in the microcosms and in the bioreactors was 
dominated by Proteobacteria, which are known perchlorate and nitrate reducers (Bruce, 
Achenbach and Coates, 1999). There are many genera in common between the soils contained in 
Bioreactors A and B (95’-105’) and C and D (75’-85’). The only genera found in all samples was 
Pseudomonas, a metabolically versatile genus.  The major genera in the native soils were 
compared with the major genera found in the sludge used as bioaugmentation seed. Overall, 
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there were very few genera found in common between the sludge and the native area samples. 
The highest concentration genus in the seed sludge, Arcobacter, was only identified in 
considerable concentrations in the blended soil of one boring well. Pseudomonas was present in 
the sludge and in the soils. Methyloversatilis was identified in one boring and in the seed sludge.  
Therefore, the results point to the native bacteria as the major players in biodegradation, although 
the seed sludge assists with decreasing acclimation time in the bioreactors. Once the native 
bacteria grow to significant numbers, they dominate the system. This was expected, considering 




Chapter 7      Conclusions, Implications, and Future Work 
7.1 Major Findings 
The overall objective of this investigation was to evaluate four packed-bed bioreactors 
(deep and intermediate depth soil columns), using soils and groundwater from a contaminated 
site, as a surrogate to in-situ biodegradation for remediation of groundwater contaminated with 
competing electron-accepting anionic compounds. The specific objectives of the study are: 1) to 
evaluate the performance of molasses as an electron donor/carbon source for the remediation of 
the COCs for different dilutions of the site groundwater; 2) to examine the impact of contact time 
within the bioreactors on the determination of contaminants’ degradation rates; 3) to evaluate if 
effluent chloride concentrations reflect the amount of chlorate and perchlorate degraded within 
the bioreactors; this constitutes a second measure that biodegradation is taking place; 4) to 
investigate the microbial ecology that develops in the bioreactors over the course of 
biodegradation; and, 5) to determine the potential for precipitate formation when biodegradation 
amendments are added to the highly contaminated water. The conclusions drawn from the results 
of the bench-scale testing in this investigation are: 
1. Groundwater analyses and the extraction of blended soils revealed that the contaminated 
site has very high concentrations of Cr(VI), nitrate, chlorate, and perchlorate. These 
concentrations are the highest reported to date for a perchlorate contaminated site. 
2. The groundwater analyses showed the groundwater from Well 05D as the most 
contaminated, with TDS of 2.2%, while Well 01I showed 0.6% TDS, and Well 02I 
showed only 0.25% TDS. The contaminant with the highest concentration was chlorate 
(11,000 mg/L in Well 05D and 13,500 mg/L in Well 01I), followed by chloride (2,437 
mg/L in Well 05D and 2,910 mg/L in Well 01I), perchlorate (1,700 mg/L in Well 05D 
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and 1,400 mg/L in Well 01I), nitrate (155 mg NO3
-/L in Well 05D and 157 mg NO3
-/L in 
Well 01I), and Cr(VI) (90 mg/L in Well 05D and 95 mg/L in Well 01I).  
3. The soil extraction, performed with samples of the soil before it was packed in the 
bioreactors, showed chlorate with the highest concentration (3.2 mg/g of dry soil in deep 
columns, and 26.9 mg/g of dry soil in intermediate columns). It is followed by 
perchlorate with 6.1 mg/g of dry soil and 4.2 mg/g of dry soil in the soil samples used in 
deep and intermediate columns, respectively. The lowest concentrations found in the soil 
were sulfate, then followed by nitrate and Cr(VI).  Although perchlorate is the target 
contaminant at the site, co-occurring contaminants are in high concentrations as well.  
4. The EBCT in deep columns varied from 1.92 to 27 days, while intermediate columns 
showed an EBCT from 4.93 to 21.87 days. The average flowrate in deep columns was 
0.15 mL/min, while in the intermediate columns, the average flowrate was about 0.13 
mL/min.  
5. The TOC concentrations are directly proportional to the amount of molasses added and 
were found to be inversely proportional to the degradation of the contaminants in the 
columns. In the period where a higher load of contaminants was added through the 
undiluted groundwater, the TOC concentrations drastically decreased. This is due to the 
higher consumption by the bacteria to degrade the contaminants and the higher abiotic 
reduction of chromium. Also, when less contaminated groundwater (02I) was 
accidentally added in intermediate columns, TOC concentrations in the effluent 
increased, once the biotic and abiotic use of molasses decreased. Therefore, the bacteria 
present are able to use molasses as a carbon and energy source.  
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6. Excellent degradation of Cr(VI) was observed during the column testing. Even under 
high concentrations of the contaminants from the undiluted groundwater, Cr(VI) was 
fully reduced in the effluent. This achievement is highly due to the combination of abiotic 
and biotic reduction. Even though it is not possible to determine the contribution of the 
abiotic and biotic components, the degradation of Cr(V) was found to be very feasible 
with the use of molasses.  
7.  Nitrate reduction (i.e., denitrification) was found to be a carbon limited process. During 
the period where limited molasses and shorter EBCT were implemented, a decrease in 
denitrification occurred. Also, when molasses concentration increased, nitrate reduction 
re-started. Overall, during the period using diluted groundwater, complete nitrate removal 
occurred. However, during the period where undiluted groundwater was applied, only 
partial nitrate reduction was observed. This is likely due to the insufficient carbon 
availability for the higher nitrate load.  High TDS levels may also have played a role.   
8. Biological chlorate reduction took longer to start in the intermediate columns than in the 
deep columns. This was likely due to the longer EBCT in the deep columns (9.8 days); in 
the intermediate columns, the EBCT was 6.6 days. After 60 days, complete chlorate 
reduction occurred in the deep columns until when molasses was reduced. With lower 
carbon availability, chlorate concentrations increased in the deep column effluent, but 
when molasses was restored, full degradation re-started. Even though chlorate 
degradation took around 120 days to start in the intermediate columns, the change in 
carbon availability did not impact chlorate degradation. However, when undiluted 
groundwater was applied, only partial degradation was observed in all four columns, even 
under a high EBCT. The results showed that effluent chlorate concentration in the 
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columns is a function of the initial influent concentration, the retention time within the 
column, the presence of sufficient electron donor/carbon source (i.e., molasses), plus the 
competition of nitrate and chromium, which degraded first. 
9. Perchlorate degradation in the deep soil bioreactors started only after 140 days, while in 
the intermediate columns perchlorate was degraded since Day 120. When reduced 
molasses was applied, only the deep columns were impacted, showing no degradation 
until the carbon availability was restored. With the full molasses concentration applied, 
the deep soil bioreactors showed partial to complete degradation during days 220 to 283. 
Therefore, lower degradation observed in the deep soil bioreactors is likely due to a lower 
concentration of carbon source (i.e., molasses), shorter EBCT (2 days) within the 
bioreactor, and the competition of nitrate and chlorate, which degrade first.  
10. In the intermediate soil bioreactors, the average EBCT was about 9 days, and the TOC 
concentration was higher, contributing to better perchlorate degradation. When undiluted 
groundwater was applied, all four columns showed partial or no perchlorate reduction, 
implying that retention times greater than 15 days may be needed to accommodate the 
higher concentration of contaminants present.  In addition, reduced degradation may be 
associated with the negative impact of high TDS levels on bacteria metabolism.  
11. Perchlorate degradation in the bioreactor studies occurred simultaneously with Cr(VI), 
nitrate, and chlorate degradation. Overall, the main factors that showed high potential to 
impact perchlorate reduction are TDS concentrations, EBCT, carbon availability, and 
potentially high residual nutrient ammonia.  
12. The results of ammonia concentrations in the packed-bed reactors indicated that, for field 
studies, less ammonia (< 296.5 mg as NH3/L) can be applied. Because the contaminated 
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groundwater contains significant amounts of nitrate, bacteria could use nitrate as the 
nitrogen source for biodegradation. However, nitrate was degraded before perchlorate 
and chlorate, and therefore, the addition of a nitrogen source is needed to supply the 
nitrogen needed for the degradation of chlorate and perchlorate. Hence, the nitrate present 
alone would not meet the nitrogen source needed for biodegradation. 
13. The soil from the packed-bed reactors was extracted and analyzed for remaining 
contaminants present in the soil samples. The results showed that about 5 times less 
chlorate was found in the soil after biodegradation took place. Perchlorate concentrations 
decreased by three times in the columns extract, while nitrate concentrations remaining 
was only 1/5 of the initial nitrate present in the soil. Cr(VI) was not detected in the soil 
after the biodegradation test. These low concentrations reflect the time during which full 
strength groundwater was fed to the column.  
14. The microbial analyses performed in the column extract after the biodegradation test 
showed that the deep soil bioreactor contained more bacteria diversity than the 
intermediate depth soil. However, the intermediate soil showed a larger percentage of 
Pseudomonas (15%) than the deep soils (3%). The genes analyses that encode for 
enzymes reducing perchlorate and nitrate did not show a significant presence of 
perchlorate-reducing bacteria genes. This might be related to the fact that samples were 
taken three months after running with undiluted wastewater, and during this period, 
perchlorate degradation was minimal. The number of denitrifying bacteria (gene nirK) in 
the combined soil from deep columns was also insignificant, while intermediate columns 
showed a small number of genes nirK of denitrifying bacteria. 
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 The first research question proposed in this thesis was whether the contaminant 
degradation sequence (Cr(VI) followed by NO3
-, ClO3
-, and ClO4
-) found by Martin (2020) 
would hold when applied to a packed-bed bioreactor. The hypothesis stated that, based on 
thermodynamics, the degradation sequence would start with ClO3
-, followed by Cr(VI), ClO4
- 
and NO3
-. However, this research showed that, before acclimation, the degradation sequence 
followed Cr(VI), Nitrate, Chlorate, Perchlorate, similar to Martin (2020). However, after 
acclimation, simultaneously degradation of the contaminants occurred. 
The second research question proposed in this thesis questioned how bioaugmentation 
would impact contaminant removal efficiency, particularly perchlorate reduction. The hypothesis 
stated that bioaugmented reactors would perform better than non-bioaugmented bioreactors. In 
conclusion, for diluted groundwater, no bioaugmentation was needed after initial seeding. 
However, for groundwater with TDS greater than 10%, bioaugmentation might be required. 
The last research question was whether the use of a packed-bed bioreactor would provide 
greater tolerance for higher TDS levels. The hypothesis stated that the use of fixed-bed biofilm 
would result in better degradation at higher TDS levels because of the protective properties of 
biofilms. However, perchlorate degradation at TDS levels > 2% (20,000 mg/L) had not been 
proven effective in past studies. This research showed that Cr(VI) was fully degraded at high 
TDS levels (>10%). However, only partial nitrate, chlorate, and perchlorate degradation occurred 
under high TDS levels (>10%): nitrate was 43–64 % degraded; chlorate was 37–43 % degraded; 
and perchlorate was 14–30 % degraded. 
7.2 Implication of Bench-Scale Results to Field Applications 
The results of the bench-scale investigations demonstrated that bioremediation of all 
contaminants present in the groundwater is feasible.  However, dilution of at least 4x is needed to 
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minimize the impact of high TDS. In previous batch testing performed by Martin (2020), it was 
found that biodegradation is possible at TDS levels as high as 2.1%. The results also revealed 
that complete Cr(VI) reduction is possible, even with undiluted groundwater. It is believed most 
Cr(VI) degradation is abiotic, resulting from the reaction of Cr(VI) with molasses.  Complete 
reduction of nitrate, chlorate, and perchlorate was feasible at EBCTs varying from 5-15 days. 
Degradation was impacted by initial contaminant concentrations, TDS levels, and empty bed 
contact time. Nitrate degradation occurred earlier than chlorate and perchlorate initially. 
However, once acclimation was achieved, all contaminants degraded simultaneously within the 
studied retention times. 
The empty bed contact time (EBCT) was computed during the column operation. EBCT 
can be correlated to in-situ horizontal groundwater velocity. For in-situ bioremediation 
applications, EBCT monitored in the packed-bed reactor can be used to prioritize spacing and 
sampling between the monitoring wells downstream from the injection points. In addition, EBCT 
can also be used to infer if the remediation process is controlled by biodegradation kinetics or by 
the natural groundwater velocity of the site. In this study, complete biodegradation of chlorate 
and perchlorate in the deep horizon soils occurred with EBCT as low as 6 -10 days for 4x diluted 
groundwater. For intermediate soil horizon, full chlorate and perchlorate degradation took place 
at EBCT from 4-10 days. This information can be used to estimate the likelihood of degradation 
occurring within a certain length of the aquifer. For example, if injection and monitoring wells 
are spaced 40 ft. apart, for the areas with the slowest groundwater velocity of about 0.5 ft. /day, it 
will take 80 days for the amendments to reach the monitoring well.  For the areas with medium 
velocities, between 1-2 ft. /day, it will take 19-37 days.  In the areas with very fast groundwater 
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velocities of about 5.5 ft. /day, it will take only 7.3 days for the amendments to reach the 
monitoring well.  
According to Darcy’s Law, the groundwater velocity is directly proportional to the 
hydraulic conductivity (k), which measures the amount of energy required for the groundwater to 
flow through a porous medium (McWhorter and Sunada, 1977). Typically, the hydraulic 
conductivity in fine sand ranges from 0.056–56.7 ft/d, in silt ranges from 0.0003–5.66 ft/d, while 
sandstone ranges from 0.000085–1.7 ft/d, and in clay ranges from 2.8x10-6 to 0.001 ft/d  
(McWhorter and Sunada, 1977; Freeze and Cherry, 1979; Domenico and Schwartz, 1997). 
According to Batista (2003), the Upper Muddy Creek Formation (UMCf) is the primary 
deposition where the soil samples for this study were extracted and it has a very low hydraulic 
conductivity. According to Tetra Tech Inc. (2018), the average hydraulic conductivity in the 
UMCf is 3.2 ft/d, which is several orders of magnitude greater than the range of hydraulic 
conductivity typically found for clays (2.8x10-6 to 0.001 ft/d). The higher hydraulic conductivity 
found in the site of this study may be due to secondary porosity, which is the formation of new 
pores after the sediments were already formed. Secondary pores can be formed by either 
fracturing or dissolution and deposition of existing minerals (Giles and de Boer, 1990; Nedkvitne 
and Bjorlykke, 1992). According to Dou et al. (2017), secondary porosity can also be formed by 
leaching of feldspar, carbonate cements, and rock fragments into the soil. Generally, feldspars 
are transformed into kaolin minerals, and subsequently montmorillonite-type minerals (Ross and 
Hendricks, 1943). Based on the soil characterization described in Section 4.3.3, the soil used in 
this research is composed of 40% montmorillonite. According to the previous discussion, this 
type of clayey soil may allow for a potential secondary porosity formation, thus increasing the 
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hydraulic conductivity in the site. However, this hypothesis has to be thoroughly investigated for 
the site. 
Considering that EBCTs of 4-10 days are sufficient to support complete bio-degradation 
of chlorate and perchlorate, in 4x diluted groundwater, after acclimation is achieved, the speed of 
biodegradation in the site will be controlled by groundwater velocity, rather than by the kinetics 
of degradation. However, the acclimation time cannot be ignored. In this research, it took 60-120 
days for complete perchlorate and chlorate degradation to start; this was due to the time needed 
to degrade Cr(VI) and nitrate before perchlorate and chlorate are degraded.   
Considering that molasses promotes a significant abiotic reduction of chromium, it is 
important to use no less than the 4 mL molasses/L groundwater used in this research for the 
specific groundwater studied. Acclimation time is also needed for the bacteria to grow at 
sufficient number to promote consistent degradation.  Because the number of naturally occurring 
bacteria in the local site is low, bio-augmentation is recommended, and it was used in this 
research.  
Accounting for the acclimation time of 60-120 days, initially, significant perchlorate and 
chlorate degradation may be observed only in the areas of slow groundwater velocities.  In the 
areas with fast groundwater velocities, only hexavalent chromium, nitrate, and partial chlorate 
and perchlorate degradation may be observed. Therefore, to be meaningful, future field testing 




7.3 Future Work 
There are several additional issues that require further research to be addressed. The 
following must be considered for effective in-situ bioremediation implications using molasses in 
the field:  
 When molasses is used as the carbon source, studies have shown that molasses is 
converted to methane during fermentation. Therefore, this must be further evaluated since 
this study did not determine any byproducts from molasses applied to the bioreactors. 
 Further evaluation is needed for the long-term impacts of high TDS levels on 
contaminant biodegradation since this study only evaluated undiluted groundwater with 
high TDS levels for the short-term. 
 Additional experiments should be conducted on the impact of bioaugmentation and low 
carbon source on contaminant removal for high TDS levels. In this study, during the 
period of high TDS levels were implemented, the amount of sludge and molasses 
remained the same during the period. It is unknown if additional sludge or carbon source 
added in the columns would promote better contaminant reduction.  
 The quantity and composition of the precipitates formed by molasses addition to the 
groundwater need to be assessed to ensure that the contaminants are being reduced 
biologically and not through adsorption or precipitation.  
 Future research is recommended to investigate the dominance of microbial culture using 
different methods and analyses. It is suggested the addition of a control column with no 
microbial culture to evaluate a non-biological removal. Also, analyses of the microbial 
culture in the columns, before and after the increase of the contaminants’ load.   
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 It would be interesting to perform a statistical analysis to quantify and compare the 
microbial diversity found in the different columns. A suggestion is to use the software 






Appendix A: Raw Data for Biodegradation Columns Effluent 
Table A.1 – Raw data for Column A 




















RECIRCULATION 2/12/19 12:00 0.0 0.0 0.0 0.0 0 0 0  0 0 0 
Test Started 3/9/19 13:10 601.2 36070.0 601.2 25             
Column A 03/11/19 3/11/19 13:08 48.0 2878.0 649.1 27 610 610 0.2120 91.07 3.79 3.79 
Column A 03/13/19 3/13/19 10:23 45.2 2715.0 694.4 29 0 610 0.0000       
Column A 03/15/19 3/15/19 14:30 52.1 3127.0 746.5 31 480 1090 0.1535 125.75 5.24 5.24 
Column A 03/19/19 3/19/19 12:30 94.0 5640.0 840.5 35 910 2000 0.1613 119.63 4.98 4.98 
Column A 03/23/19 3/23/19 12:40 96.2 5770.0 936.7 39 514 2514 0.0891 216.68 9.03 9.03 
Column A 03/25/19 3/25/19 12:00 47.3 2840.0 984.0 41 0 2514 0.0000       
Column A 03/27/19 3/27/19 12:10 48.2 2890.0 1032.2 43 1130 3644 0.3910 49.37 2.06 2.06 
























Column A 04/02/19 4/2/19 17:30 77.6 4657.0 1181.5 49 1760 5404 0.3779 51.07 2.13 2.13 
Column A 04/04/19 4/4/19 11:10 41.7 2500.0 1223.2 51 1640 7044 0.6560 29.42 1.23 1.23 
Column A 04/06/19 4/6/19 11:10 48.0 2880.0 1271.2 53 932 7976 0.3236 59.65 2.49 2.49 
Column A 04/09/19 4/9/19 14:14 75.1 4504.0 1346.2 56 276 8252 0.0613 314.99 13.12 13.12 
Column A 04/11/19 4/11/19 18:15 52.0 3121.0 1398.2 58 76 8328 0.0244 792.66 33.03 33.03 
Column A 04/19/19 4/19/19 10:32 184.3 11057.0 1582.5 66 92 8420 0.0083 2319.82 96.66   
Column A 04/21/19 4/21/19 18:30 56.0 3358.0 1638.5 68 690 9110 0.2055 93.94 3.91 3.91 
Column A 04/28/19 4/28/19 16:46 166.3 9976.0 1804.8 75 1867 10977 0.1871 103.14 4.30 4.30 
Column A 05/02/19 5/2/19 14:37 93.8 5631.0 1898.6 79 32 11009 0.0057 3396.57 141.52   
Column A 05/04/19 5/4/19 12:00 45.4 2723.0 1944.0 81 620 11629 0.2277 84.77 3.53 3.53 
Column A 05/09/19 5/9/19 18:00 126.0 7560.0 2070.0 86 10 11639 0.0013 14592.40 608.02   
























Column A 05/21/19 5/21/19 11:00 86.2 5169.0 2351.0 98 235 11901 0.0455 424.56 17.69 17.69 
Column A 05/27/19 5/27/19 9:30 142.5 8550.0 2493.5 104 1090 12991 0.1275 151.41 6.31 6.31 
Column A 05/29/19 5/29/19 11:30 50.0 3000.0 2543.5 106 925 13916 0.3083 62.60 2.61 2.61 
Column A 05/31/19 5/31/19 10:00 46.5 2790.0 2590.0 108 1215 15131 0.4355 44.32 1.85 1.85 
Column A 06/03/19 6/3/19 11:00 73.0 4380.0 2663.0 111 1400 16531 0.3196 60.39 2.52 2.52 
Column A 06/05/19 6/5/19 11:00 48.0 2880.0 2711.0 113 905 17436 0.3142 61.43 2.56 2.56 
Column A 06/07/19 6/7/19 11:00 48.0 2880.0 2759.0 115 205 17641 0.0712 271.17 11.30 11.30 
Column A 06/12/19 6/12/19 11:00 120.0 7200.0 2879.0 120 74 17715 0.0103 1878.04 78.25   
Column A 06/14/19 6/14/19 13:00 50.0 3000.0 2929.0 122 460 18175 0.1533 125.88 5.25 5.25 
Column A 06/17/19 6/17/19 12:00 71.0 4260.0 3000.0 125 1300 19475 0.3052 63.25 2.64 2.64 
Column A 06/19/19 6/19/19 11:00 47.0 2820.0 3047.0 127 148 19623 0.0525 367.78 15.32 15.32 
























Column A 06/24/19 6/24/19 13:00 72.5 4350.0 3169.0 132 1110 20969 0.2552 75.64 3.15 3.15 
Column A 06/26/19 6/26/19 12:00 47.0 2820.0 3216.0 134 470 21439 0.1667 115.81 4.83 4.83 
Column A 06/28/19 6/28/19 12:00 48.0 2880.0 3264.0 136 560 21999 0.1944 99.27 4.14 4.14 
Column A 07/01/19 7/1/19 13:00 73.0 4380.0 3337.0 139 1900 23899 0.4338 44.50 1.85 1.85 
Column A 07/03/19 7/3/19 8:30 43.5 2610.0 3380.5 141 244 24143 0.0935 206.47 8.60 8.60 
Column A 07/05/19 7/5/19 10:20 49.8 2990.0 3430.3 143 218 24361 0.0729 264.74 11.03 11.03 
Column A 07/08/19 7/8/19 12:30 74.2 4450.0 3504.5 146 425 24786 0.0955 202.10 8.42 8.42 
Column A 07/10/19 7/10/19 12:00 47.5 2850.0 3552.0 148 194 24980 0.0681 283.56 11.82 11.82 
Column A 07/12/19 7/12/19 13:00 49.0 2940.0 3601.0 150 134 25114 0.0456 423.49 17.65 17.65 
Column A 07/15/19 7/15/19 11:00 70.0 4200.0 3671.0 153 460 25574 0.1095 176.24 7.34 7.34 
Column A 07/17/19 7/17/19 11:00 48.0 2880.0 3719.0 155 190 25764 0.0660 292.58 12.19 12.19 
























Column A 07/22/19 7/22/19 12:30 71.5 4290.0 3840.5 160 240 26474 0.0559 345.03 14.38 14.38 
Column A 07/24/19 7/24/19 10:00 45.5 2730.0 3886.0 162 1250 27724 0.4579 42.16 1.76 1.76 
Column A 07/26/19 7/26/19 11:00 49.0 2940.0 3935.0 164 570 28294 0.1939 99.56 4.15 4.15 
Column A 08/02/19 8/2/19 12:00 169.0 10140.0 4104.0 171 150 28444 0.0148 1304.82 54.37   
Column A 08/05/19 8/5/19 11:30 71.5 4290.0 4175.5 174 270 28714 0.0629 306.69 12.78 12.78 
Column A 08/09/19 8/9/19 12:00 96.5 5790.0 4272.0 178 222 28936 0.0383 503.42 20.98 20.98 
Column A 08/12/19 8/12/19 14:00 74.0 4440.0 4346.0 181 300 29236 0.0676 285.67 11.90 11.90 
Column A 08/14/19 8/14/19 10:00 44.0 2640.0 4390.0 183 1800 31036 0.6818 28.31 1.18 1.18 
Column A 08/16/19 8/16/19 12:00 50.0 3000.0 4440.0 185 2042 33078 0.6807 28.36 1.18 1.18 
Column A 08/19/19 8/19/19 13:00 73.0 4380.0 4513.0 188 3200 36278 0.7306 26.42 1.10 1.10 
Column A 08/21/19 8/21/19 11:00 46.0 2760.0 4559.0 190 1580 37858 0.5725 33.72 1.40 1.40 
























Column A 08/26/19 8/26/19 9:00 72.0 4320.0 4677.0 195 1020 41318 0.2361 81.75 3.41 3.41 
Column A 08/28/19 8/28/19 8:00 47.0 2820.0 4724.0 197 530 41848 0.1879 102.70 4.28 4.28 
Column A 08/30/19  8/30/19 11:00 51.0 3060.0 4775.0 199 174 42022 0.0569 339.45 14.14 14.14 
Column A 09/02/19 9/2/19 10:30 71.5 4290.0 4846.5 202 200 42222 0.0466 414.03 17.25 17.25 
Column A 09/04/19 9/4/19 7:30 45.0 2700.0 4891.5 204 107 42329 0.0396 487.06 20.29 20.29 
Column A 09/06/19 9/6/19 8:00 48.5 2910.0 4940.0 206 84 42413 0.0289 668.68 27.86 27.86 
Column A 09/09/19 9/9/19 8:30 72.5 4350.0 5012.5 209 128 42541 0.0294 655.97 27.33 27.33 
Column A 09/11/19 9/11/19 10:30 50.0 3000.0 5062.5 211 100 42641 0.0333 579.06 24.13 24.13 
Column A 09/13/19 9/13/19 10:45 48.2 2895.0 5110.7 213 130 42771 0.0449 429.84 17.91 17.91 
Column A 09/16/19 9/16/19 10:40 71.9 4315.0 5182.7 216 127 42898 0.0294 655.82 27.33 27.33 
Column A 09/19/19 9/19/19 8:30 69.8 4190.0 5252.5 219 100 42998 0.0239 808.76 33.70 33.70 
























Column A 09/23/19 9/23/19 8:00 46.0 2760.0 5348.0 223 94 43270 0.0341 566.74 23.61 23.61 
Column A 09/25/19 9/25/19 10:30 50.5 3030.0 5398.5 225 88 43358 0.0290 664.61 27.69 27.69 
Column A 09/27/19 9/27/19 10:00 47.5 2850.0 5446.0 227 72 43430 0.0253 764.04 31.84 31.84 
Column A 09/30/19 9/30/19 13:00 75.0 4500.0 5521.0 230 150 43580 0.0333 579.06 24.13 24.13 
Column A 10/02/19 10/2/19 13:30 48.5 2910.0 5569.5 232 244 43824 0.0838 230.20 9.59 9.59 
Column A 10/05/19 10/5/19 10:00 68.5 4110.0 5638.0 235 194 44018 0.0472 408.93 17.04 17.04 
Column A 10/07/19 10/7/19 14:30 52.5 3150.0 5690.5 237 99 44117 0.0314 614.16 25.59 25.59 
Column A 10/09/19 10/9/19 13:40 47.2 2830.0 5737.7 239 62 44179 0.0219 881.05 36.71 36.71 
Column A 10/12/19  10/12/19 3:30 61.8 3710.0 5799.5 242 82 44261 0.0221 873.30 36.39 36.39 
Column A 10/14/19 10/14/19 15:40 60.2 3610.0 5859.7 244 70 44331 0.0194 995.44 41.48 41.48 
Column A 10/16/19 10/16/19 15:00 47.3 2840.0 5907.0 246 83 44414 0.0292 660.46 27.52 27.52 
























Column A 10/21/19 10/21/19 8:00 64.0 3840.0 6020.0 251 160 44638 0.0417 463.25 19.30 19.30 
Column A 10/23/19 10/23/19 8:20 48.3 2900.0 6068.3 253 1950 46588 0.6724 28.71 1.20 1.20 
Column A 10/25/19 10/25/19 8:30 48.2 2890.0 6116.5 255 138 46726 0.0478 404.23 16.84 16.84 
Column A 10/28/19 10/28/19 8:10 71.7 4300.0 6188.2 258 2125 48851 0.4942 39.06 1.63 1.63 
Column A 10/30/19 10/30/19 10:30 50.3 3020.0 6238.5 260 580 49431 0.1921 100.50 4.19 4.19 
Column A 11/01/19 11/1/19 8:15 45.8 2745.0 6284.3 262 147 49578 0.0536 360.44 15.02 15.02 
Column A 11/04/19 11/4/19 7:45 71.5 4290.0 6355.7 265 2024 51602 0.4718 40.91 1.70 1.70 
Column A 11/06/19 11/6/19 10:40 50.9 3055.0 6406.7 267 775 52377 0.2537 76.09 3.17 3.17 
Column A 11/08/19 11/8/19 9:00 46.3 2780.0 6453.0 269 790 53167 0.2842 67.92 2.83 2.83 
Column A 11/11/19 11/11/19 8:00 71.0 4260.0 6524.0 272 982 54149 0.2305 83.73 3.49 3.49 
Column A 11/13/19 11/13/19 14:30 54.5 3270.0 6578.5 274 448 54597 0.1370 140.89 5.87 5.87 
























Column A 11/18/19 11/18/19 9:30 72.1 4325.0 6693.5 279 287 55310 0.0664 290.88 12.12 12.12 
Column A 11/20/19 11/20/19 8:30 47.0 2820.0 6740.5 281 187 55497 0.0663 291.08 12.13 12.13 
Column A 11/22/19 11/22/19 8:15 47.8 2865.0 6788.3 283 295 55792 0.1030 187.46 7.81 7.81 
Column A 11/26/19 11/26/19 8:18 96.0 5763.0 6884.3 287 497 56289 0.0862 223.82 9.33 9.33 
Column A 11/28/19 11/28/19 14:02 53.7 3224.0 6938.0 289 1272 57561 0.3945 48.92 2.04 2.04 
Column A 11/30/19 11/30/19 10:30 44.5 2668.0 6982.5 291 340 57901 0.1274 151.46 6.31 6.31 
Column A 12/02/19 12/2/19 9:36 47.1 2826.0 7029.6 293 1435 59336 0.5078 38.01 1.58 1.58 
Column A 12/04/19 12/4/19 10:30 48.9 2934.0 7078.5 295 880 60216 0.2999 64.36 2.68 2.68 
Column A 12/06/19 12/6/19 11:30 49.0 2940.0 7127.5 297 360 60576 0.1224 157.63 6.57 6.57 
Column A 12/09/19 12/9/19 8:30 69.0 4140.0 7196.5 300 470 61046 0.1135 170.02 7.08 7.08 
Column A 12/11/19 12/11/19 8:00 47.5 2850.0 7244.0 302 1390 62436 0.4877 39.58 1.65 1.65 
























Column A 12/16/19 12/16/19 14:01 75.0 4501.0 7370.0 307 565 63601 0.1255 153.77 6.41 6.41 
Column A 12/18/19 12/18/19 10:21 44.3 2660.0 7414.4 309 470 64071 0.1767 109.24 4.55 4.55 
Column A 12/20/19 12/20/19 9:46 47.4 2845.0 7461.8 311 100 64171 0.0351 549.15 22.88 22.88 
Column A 12/25/19 12/25/19 10:30 120.7 7244.0 7582.5 316 85 64256 0.0117 1644.99 68.54   
Column A 12/27/19 12/27/19 8:32 46.0 2762.0 7628.5 318 110 64366 0.0398 484.66 20.19 20.19 
Column A 12/30/19 12/30/19 10:52 74.3 4460.0 7702.9 321 755 65121 0.1693 114.02 4.75 4.75 
Column A 01/1/20 1/1/20 12:48 49.9 2996.0 7752.8 323 112 65233 0.0374 516.33 21.51 21.51 
Column A 01/03/20 1/3/20 15:56 51.1 3068.0 7803.9 325 244 65477 0.0795 242.70 10.11 10.11 
Column A 01/06/20 1/6/20 15:34 71.6 4298.0 7875.6 328 106 65583 0.0247 782.65 32.61 32.61 
Column A 01/10/20 1/10/20 9:07 89.6 5373.0 7965.1 332 86 65669 0.0160 1205.93 50.25   
Column A 01/17/20 1/17/20 13:00 171.9 10313.0 8137.0 339 1550 67219 0.1503 128.43 5.35 5.35 
























Column A 01/22/20 1/22/20 11:00 48.0 2880.0 8255.0 344 450 68499 0.1563 123.53 5.15 5.15 
Column A 01/24/20 1/24/20 11:00 48.0 2880.0 8303.0 346 47 68546 0.0163 1182.77 49.28   
Column A 01/27/20 1/27/20 14:00 75.0 4500.0 8378.0 349 53 68599 0.0118 1638.86 68.29   
Column A 01/31/20 1/31/20 8:40 90.7 5440.0 8468.7 353 100 68699 0.0184 1050.04 43.75   
Column A 02/04/20 2/4/20 15:35 102.9 6175.0 8571.6 357 70 68769 0.0113 1702.72 70.95   
Column A 02/07/20 2/7/20 8:20 64.7 3885.0 8636.3 360 700 69469 0.1802 107.13 4.46 4.46 
Column A 02/11/20 2/11/20 14:00 101.7 6100.0 8738.0 364 87 69556 0.0143 1353.37 56.39   
Column A 02/14/20 2/14/20 11:10 69.2 4150.0 8807.2 367 284 69840 0.0684 282.06 11.75 11.75 
Column A 02/18/20 2/18/20 15:12 100.0 6002.0 8907.2 371 188 70028 0.0313 616.23 25.68 25.68 
Column A 02/21/20 2/21/20 11:00 67.8 4068.0 8975.0 374 350 70378 0.0860 224.35 9.35 9.35 
Column A 02/25/20 2/25/20 14:00 99.0 5940.0 9074.0 378 76 70454 0.0128 1508.61 62.86   






























RECIRCULATION 2/12/19 12:00                     
Test Started 3/9/19 13:10                     
Column A 03/11/19 3/11/19 13:08 2.47 1.65 1.23 2 0.17 0.34 7.9 441 2080   
Column A 03/13/19 3/13/19 10:23 2.47 1.65 1.23 2 0.04 0.08 7.8       
Column A 03/15/19 3/15/19 14:30 4.41 2.94 2.21 1 0 0.00 7.6 502 2230   
Column A 03/19/19 3/19/19 12:30 8.10 5.40 4.05 1 0.02 0.02 7.6 536 2280   
Column A 03/23/19 3/23/19 12:40 10.18 6.79 5.09 1 0.02 0.02 7.6 476 2330   
Column A 03/25/19 3/25/19 12:00 10.18 6.79 5.09               
Column A 03/27/19 3/27/19 12:10 14.75 9.84 7.38 1 0.08 0.08 7 503 2240   
Column A 03/30/19 3/30/19 11:53 14.75 9.84 7.38               





























Column A 04/04/19 4/4/19 11:10 28.52 19.01 14.26 1 0.03 0.03 7   2710   
Column A 04/06/19 4/6/19 11:10 32.29 21.53 16.15 1 0.04 0.04 6.9 637 2820   
Column A 04/09/19 4/9/19 14:14 33.41 22.27 16.70 1 0.01 0.01 7.5 532 2860   
Column A 04/11/19 4/11/19 18:15 33.72 22.48 16.86 1 0.04 0.04 7.5 852 2950 2700 
Column A 04/19/19 4/19/19 10:32 34.09 22.73 17.04 1 0 0.00 7.8 668     
Column A 04/21/19 4/21/19 18:30 36.88 24.59 18.44 1 0 0.00 7.3 42     
Column A 04/28/19 4/28/19 16:46 44.44 29.63 22.22 1 0 0.00 7.2       
Column A 05/02/19 5/2/19 14:37 44.57 29.71 22.29 1 0 0.07 7.8   2140   
Column A 05/04/19 5/4/19 12:00 47.08 31.39 23.54 1 0 0.00 8       

































Column A 05/17/19 5/17/19 20:51 47.23 31.49 23.62 1 0 0.11 7.8       
Column A 05/21/19 5/21/19 11:00 48.18 32.12 24.09 1 0 0.05 7.7 223     
Column A 05/27/19 5/27/19 9:30 52.60 35.06 26.30 1 0 0.01 6.2 545 2710   
Column A 05/29/19 5/29/19 11:30 56.34 37.56 28.17 1 0 0.05 6.6 387     
Column A 05/31/19 5/31/19 10:00 61.26 40.84 30.63 1 0 0.04 6.2       
Column A 06/03/19 6/3/19 11:00 66.93 44.62 33.46 1 0 0.04 6.4 388 2210   
Column A 06/05/19 6/5/19 11:00 70.59 47.06 35.30 1 0 0.02 6.4       
Column A 06/07/19 6/7/19 11:00 71.42 47.61 35.71 1 0 0.02 7.4 476     
Column A 06/12/19 6/12/19 11:00 71.72 47.81 35.86 1 0 0.00 7.8   1920   
Column A 06/14/19 6/14/19 13:00 73.58 49.06 36.79 1 0 0.00 7.1 481     





























Column A 06/19/19 6/19/19 11:00 79.45 52.96 39.72 1 0 0.02 7.9 690     
Column A 06/21/19 6/21/19 12:30 80.40 53.60 40.20 1 0 0.00 7.7   1930 1800 
Column A 06/24/19 6/24/19 13:00 84.89 56.60 42.45 1 0 0.00 6.4   2320   
Column A 06/26/19 6/26/19 12:00 86.80 57.87 43.40 1 0 0.00 7.2 386     
Column A 06/28/19 6/28/19 12:00 89.06 59.38 44.53 1 0 0.02 6.7       
Column A 07/01/19 7/1/19 13:00 96.76 64.50 48.38 1 0 0.01 5.9   2200   
Column A 07/03/19 7/3/19 8:30 97.74 65.16 48.87 1 0 0.03 7.5 563     
Column A 07/05/19 7/5/19 10:20 98.63 65.75 49.31 1 0 0.00 7.6       
Column A 07/08/19 7/8/19 12:30 100.35 66.90 50.17 1 0 0.02 7.4       
Column A 07/10/19 7/10/19 12:00 101.13 67.42 50.57 1 0 0.00 7.4 438 2440   





























Column A 07/15/19 7/15/19 11:00 103.54 69.03 51.77 1 0 0.00 6.5       
Column A 07/17/19 7/17/19 11:00 104.31 69.54 52.15 1 0 0.00 7.6 496     
Column A 07/19/19 7/19/19 13:00 106.21 70.81 53.11 1 0 0.00 7.2     1900 
Column A 07/22/19 7/22/19 12:30 107.18 71.45 53.59 1 0 0.01 7.8   2150   
Column A 07/24/19 7/24/19 10:00 112.24 74.83 56.12 1 0 0.00 6.1 214     
Column A 07/26/19 7/26/19 11:00 114.55 76.37 57.28 1 0 0.00 6.7   2240   
Column A 08/02/19 8/2/19 12:00 115.16 76.77 57.58 1 0 0.00 8       
Column A 08/05/19 8/5/19 11:30 116.25 77.50 58.13 1 0 0.00 7.7       
Column A 08/09/19 8/9/19 12:00 117.15 78.10 58.57 1 0 0.00 7.7       
Column A 08/12/19 8/12/19 14:00 118.36 78.91 59.18 1 0 0.00 7.5       





























Column A 08/16/19 8/16/19 12:00 133.92 89.28 66.96 1 0 0.03 6.7       
Column A 08/19/19 8/19/19 13:00 146.87 97.92 73.44 1 0 0.01 7.2       
Column A 08/21/19 8/21/19 11:00 153.27 102.18 76.64 1 0 0.00 7.3 183 978   
Column A 08/23/19 8/23/19 9:00 163.15 108.77 81.57 1 0 5.20 7.7 22     
Column A 08/26/19 8/26/19 9:00 167.28 111.52 83.64 1 0 1.50 7.7   890 730 
Column A 08/28/19 8/28/19 8:00 169.43 112.95 84.71 1 0 0.04 7.6 29     
Column A 08/30/19  8/30/19 11:00 170.13 113.42 85.06 1 0 0.00 7.8       
Column A 09/02/19 9/2/19 10:30 170.94 113.96 85.47 1 0 0.01 7.7 14 1310   
Column A 09/04/19 9/4/19 7:30 171.37 114.25 85.69 1 0 0.00 7.8       
Column A 09/06/19 9/6/19 8:00 171.71 114.48 85.86 1 0 0.07 8.1   1540   





























Column A 09/11/19 9/11/19 10:30 172.64 115.09 86.32 1 0 0.02 8.0       
Column A 09/13/19 9/13/19 10:45 173.16 115.44 86.58 1 0 0.02 7.9   1630   
Column A 09/16/19 9/16/19 10:40 173.68 115.78 86.84 1 0 0.00 8.1 35     
Column A 09/19/19 9/19/19 8:30 174.08 116.05 87.04 1 0 0.00 7.9       
Column A 09/21/19 9/21/19 10:00 174.80 116.53 87.40 1 0 0.00 7.9   1590   
Column A 09/23/19 9/23/19 8:00 175.18 116.79 87.59 1 0 0.00 8.1       
Column A 09/25/19 9/25/19 10:30 175.54 117.03 87.77 1 0 0.05 8.1 52     
Column A 09/27/19 9/27/19 10:00 175.83 117.22 87.91 1 0 0.00 8.1       
Column A 09/30/19 9/30/19 13:00 176.44 117.62 88.22 1 0 0.01 8.2 42     
Column A 10/02/19 10/2/19 13:30 177.43 118.28 88.71 1 0 0.01 7.7   1580   





























Column A 10/07/19 10/7/19 14:30 178.61 119.07 89.31 1 0 0.03 8 35     
Column A 10/09/19 10/9/19 13:40 178.86 119.24 89.43 1 0 0.00 8.1       
Column A 10/12/19  10/12/19 3:30 179.19 119.46 89.60 1 0 0.00 8.3       
Column A 10/14/19 10/14/19 15:40 179.48 119.65 89.74 1 0 0.00 8.2 92     
Column A 10/16/19 10/16/19 15:00 179.81 119.88 89.91 1 0 0.00 8.2       
Column A 10/18/19  10/18/19 16:00 180.07 120.05 90.04 1 0 0.01 8.1   2010 1600 
Column A 10/21/19 10/21/19 8:00 180.72 120.48 90.36 1 0 0.00 7.4 152     
Column A 10/23/19 10/23/19 8:20 188.62 125.74 94.31 1 0 0.05 6       
Column A 10/25/19 10/25/19 8:30 189.17 126.12 94.59 1 0 0.02 7.7       
Column A 10/28/19 10/28/19 8:10 197.78 131.85 98.89 1 0 0.11 5.8 466     





























Column A 11/01/19 11/1/19 8:15 200.72 133.81 100.36 1 0 0.00 7.4   2070   
Column A 11/04/19 11/4/19 7:45 208.91 139.28 104.46 1 0 0.00 6 486     
Column A 11/06/19 11/6/19 10:40 212.05 141.37 106.03 1 0 0.02 6       
Column A 11/08/19 11/8/19 9:00 215.25 143.50 107.63 1 0 0.03 6       
Column A 11/11/19 11/11/19 8:00 219.23 146.15 109.61 1 0 0.00 6.1 586     
Column A 11/13/19 11/13/19 14:30 221.04 147.36 110.52 1 0 0.04 6.6       
Column A 11/15/19 11/15/19 9:25 222.77 148.51 111.38 1 0 0.00 6.8       
Column A 11/18/19 11/18/19 9:30 223.93 149.28 111.96 1 0 0.00 7.1 336 2120   
Column A 11/20/19 11/20/19 8:30 224.68 149.79 112.34 1 0 0.06 5.8       
Column A 11/22/19 11/22/19 8:15 225.88 150.59 112.94 1 0 0.08 7.1       





























Column A 11/28/19 11/28/19 14:02 233.04 155.36 116.52 1 0 0.05 6       
Column A 11/30/19 11/30/19 10:30 234.42 156.28 117.21 1 0 0.04 6.9       
Column A 12/02/19 12/2/19 9:36 240.23 160.15 120.11 1 0 2.20 5.9 342 3280   
Column A 12/04/19 12/4/19 10:30 243.79 162.53 121.89 1 0 7.20 6.3       
Column A 12/06/19 12/6/19 11:30 245.25 163.50 122.62 1 0 0.00 6.9       
Column A 12/09/19 12/9/19 8:30 247.15 164.77 123.57 1 0 0.00 7.1 368 3990   
Column A 12/11/19 12/11/19 8:00 252.78 168.52 126.39 1 0 0.26 6       
Column A 12/13/19 12/13/19 11:00 255.21 170.14 127.60 1 0 0.00 6.3       
Column A 12/16/19 12/16/19 14:01 257.49 171.66 128.75 1 0 0.00 6.4 317 3890   
Column A 12/18/19 12/18/19 10:21 259.40 172.93 129.70 1 0 0.00 6.3       





























Column A 12/25/19 12/25/19 10:30 260.15 173.43 130.07 1 0 0.00 7.3 233 4120   
Column A 12/27/19 12/27/19 8:32 260.59 173.73 130.30 1 0 0.00 7.3       
Column A 12/30/19 12/30/19 10:52 263.65 175.77 131.82 1 0 0.00 6.9 311 4070   
Column A 01/1/20 1/1/20 12:48 264.10 176.07 132.05 1 0 0.00 7.6       
Column A 01/03/20 1/3/20 15:56 265.09 176.73 132.54 1 0 0.02 7.3       
Column A 01/06/20 1/6/20 15:34 265.52 177.01 132.76 1 0 0.05 7.6   4110   
Column A 01/10/20 1/10/20 9:07 265.87 177.24 132.93 1 0 0.04 7.5 321     
Column A 01/17/20 1/17/20 13:00 272.14 181.43 136.07 1 0 0.00 6.7 358.5 2870   
Column A 01/20/20 1/20/20 11:00 275.50 183.67 137.75 1 0 0.00 7   3850   
Column A 01/22/20 1/22/20 11:00 277.32 184.88 138.66 1 0 0.00 6.5 276     





























Column A 01/27/20 1/27/20 14:00 277.73 185.15 138.86 1 0 0.00 7.5 300 3980   
Column A 01/31/20 1/31/20 8:40 278.13 185.42 139.07 1 0 0.00 7.5       
Column A 02/04/20 2/4/20 15:35 278.42 185.61 139.21 1 0 0.00 7.7 264 4180   
Column A 02/07/20 2/7/20 8:20 281.25 187.50 140.63 1 0 0.00 7.8   4710   
Column A 02/11/20 2/11/20 14:00 281.60 187.74 140.80 1 0 0.03 6.9 278.5     
Column A 02/14/20 2/14/20 11:10 282.75 188.50 141.38 1 0 0.00 7.2   4230   
Column A 02/18/20 2/18/20 15:12 283.51 189.01 141.76 1 0 0.01 7.3 224     
Column A 02/21/20 2/21/20 11:00 284.93 189.95 142.47 1 0 0.03 7.2   4140   
Column A 02/25/20 2/25/20 14:00 285.24 190.16 142.62 1 0 0.00 8.2   4120   





Sample ID  Date/ Time 




















RECIRCULATION 2/12/19 12:00                             
Test Started 3/9/19 13:10                             
Column A 03/11/19 3/11/19 13:08       830       870     < 0.884     
Column A 03/13/19 3/13/19 10:23                             
Column A 03/15/19 3/15/19 14:30                     < 0.884   240 
Column A 03/19/19 3/19/19 12:30                     < 0.884   420 
Column A 03/23/19 3/23/19 12:40                     < 0.884     
Column A 03/25/19 3/25/19 12:00                             
Column A 03/27/19 3/27/19 12:10       2100       850     < 0.884   400 




Sample ID  Date/ Time 




















RECIRCULATION 2/12/19 12:00                             
Column A 04/02/19 4/2/19 17:30                     < 0.884     
Column A 04/04/19 4/4/19 11:10                     < 0.884   330 
Column A 04/06/19 4/6/19 11:10                     < 0.884     
Column A 04/09/19 4/9/19 14:14                     < 0.884     
Column A 04/11/19 4/11/19 18:15       280       820     < 0.884   450 
Column A 04/19/19 4/19/19 10:32                             
Column A 04/21/19 4/21/19 18:30       300       400     < 0.884     
Column A 04/28/19 4/28/19 16:46                     < 0.884 450.5 450.5 




Sample ID  Date/ Time 




















RECIRCULATION 2/12/19 12:00                             
Column A 05/04/19 5/4/19 12:00                     < 0.884 348.3 348.3 
Column A 05/09/19 5/9/19 18:00 
 
                    1.6354     
Column A 05/17/19 5/17/19 20:51                           
Column A 05/21/19 5/21/19 11:00                     < 0.884 333.3 333.3 
Column A 05/27/19 5/27/19 9:30                       0.9724 441.4 380 
Column A 05/29/19 5/29/19 11:30                     < 0.884     
Column A 05/31/19 5/31/19 10:00       410       400             
Column A 06/03/19 6/3/19 11:00                           460 




Sample ID  Date/ Time 




















RECIRCULATION 2/12/19 12:00                             
Column A 06/07/19 6/7/19 11:00       360       110             
Column A 06/12/19 6/12/19 11:00                     < 0.884     
Column A 06/14/19 6/14/19 13:00                             
Column A 06/17/19 6/17/19 12:00   1.51   0.235       280     < 0.884   325 
Column A 06/19/19 6/19/19 11:00                             
Column A 06/21/19 6/21/19 12:30   1.56 < 0.2       250     < 0.884     
Column A 06/24/19 6/24/19 13:00               140     < 0.884 494 494 
Column A 06/26/19 6/26/19 12:00   1.55 < 0.2       170           500 




Sample ID  Date/ Time 




















RECIRCULATION 2/12/19 12:00                             
Column A 07/01/19 7/1/19 13:00       487.5             < 0.884     
Column A 07/03/19 7/3/19 8:30                             
Column A 07/05/19 7/5/19 10:20                             
Column A 07/08/19 7/8/19 12:30   1.69   0.33       0.49     < 0.884     
Column A 07/10/19 7/10/19 12:00                             
Column A 07/12/19 7/12/19 13:00   1.6 < 0.2     < 0.05           555 
Column A 07/15/19 7/15/19 11:00       0.37     < 0.05     < 0.884     
Column A 07/17/19 7/17/19 11:00   1.18 < 0.2       0.081             




Sample ID  Date/ Time 




















RECIRCULATION 2/12/19 12:00                             
Column A 07/22/19 7/22/19 12:30       0.225             < 0.884 447 447 
Column A 07/24/19 7/24/19 10:00       33.9       55     < 0.884     
Column A 07/26/19 7/26/19 11:00                     < 0.884 472 472 
Column A 08/02/19 8/2/19 12:00   0.337 < 0.2       22             
Column A 08/05/19 8/5/19 11:30   0.126   0.52     < 0.05             
Column A 08/09/19 8/9/19 12:00                             
Column A 08/12/19 8/12/19 14:00                             
Column A 08/14/19 8/14/19 10:00                       19.7132   150 




Sample ID  Date/ Time 




















RECIRCULATION 2/12/19 12:00                             
Column A 08/19/19 8/19/19 13:00                             
Column A 08/21/19 8/21/19 11:00                       28.9952     
Column A 08/23/19 8/23/19 9:00   3132.5   2700       480           410 
Column A 08/26/19 8/26/19 9:00                       26.8736     
Column A 08/28/19 8/28/19 8:00   2761.8   2400       490           440 
Column A 08/30/19  8/30/19 11:00                             
Column A 09/02/19 9/2/19 10:30   1759.5   1700   400.388   440     < 0.884     
Column A 09/04/19 9/4/19 7:30                             




Sample ID  Date/ Time 




















RECIRCULATION 2/12/19 12:00                             
Column A 09/09/19 9/9/19 8:30   953   950   403.327   430     <       
Column A 09/11/19 9/11/19 10:30                             
Column A 09/13/19 9/13/19 10:45                     < 0.884   550 
Column A 09/16/19 9/16/19 10:40   814.175   780       500             
Column A 09/19/19 9/19/19 8:30       630       440           580 
Column A 09/21/19 9/21/19 10:00       970       440     < 0.884     
Column A 09/23/19 9/23/19 8:00       820       450     < 0.884     
Column A 09/25/19 9/25/19 10:30                             




Sample ID  Date/ Time 




















RECIRCULATION 2/12/19 12:00                             
Column A 09/30/19 9/30/19 13:00       830       440     < 0.884     
Column A 10/02/19 10/2/19 13:30                             
Column A 10/05/19 10/5/19 10:00                           380 
Column A 10/07/19 10/7/19 14:30       490       430     < 0.884     
Column A 10/09/19 10/9/19 13:40                             
Column A 10/12/19  10/12/19 3:30                           390 
Column A 10/14/19 10/14/19 15:40       190       390     < 0.884     
Column A 10/16/19 10/16/19 15:00                             




Sample ID  Date/ Time 




















RECIRCULATION 2/12/19 12:00                             
Column A 10/21/19 10/21/19 8:00                           435 
Column A 10/23/19 10/23/19 8:20   103.7   45   283.288   380 < 0.05 < 0.884     
Column A 10/25/19 10/25/19 8:30                           470 
Column A 10/28/19 10/28/19 8:10                             
Column A 10/30/19 10/30/19 10:30   0.212   0.34   95.091   100 < 0.05 < 0.884     
Column A 11/01/19 11/1/19 8:15                           470 
Column A 11/04/19 11/4/19 7:45   5.51   5.3   95.928   110 < 0.05 < 0.884     
Column A 11/06/19 11/6/19 10:40                           410 




Sample ID  Date/ Time 




















RECIRCULATION 2/12/19 12:00                             
Column A 11/11/19 11/11/19 8:00   13.7 < 0.1   268.5   180   18.8 < 0.884     
Column A 11/13/19 11/13/19 14:30                             
Column A 11/15/19 11/15/19 9:25                           540 
Column A 11/18/19 11/18/19 9:30   12.4   12.4 < 0.05   0.05   16 < 0.884     
Column A 11/20/19 11/20/19 8:30                             
Column A 11/22/19 11/22/19 8:15                           540 
Column A 11/26/19 11/26/19 8:18   65.4   65.4   254.2   254.2   15.9   3.757 752 752 
Column A 11/28/19 11/28/19 14:02                             




Sample ID  Date/ Time 




















RECIRCULATION 2/12/19 12:00                             
Column A 12/02/19 12/2/19 9:36   6752.1   6800   1379.5   1400   86.9   94.588     
Column A 12/04/19 12/4/19 10:30                             
Column A 12/06/19 12/6/19 11:30                           940 
Column A 12/09/19 12/9/19 8:30   10471.2   6300   2430.6   1700   226.1   14.2324 561 561 
Column A 12/11/19 12/11/19 8:00                             
Column A 12/13/19 12/13/19 11:00                           1100 
Column A 12/16/19 12/16/19 14:01   5059.77   7000   1184.95   1500 < 0.05   73.814     
Column A 12/18/19 12/18/19 10:21                             




Sample ID  Date/ Time 




















RECIRCULATION 2/12/19 12:00                             
Column A 12/25/19 12/25/19 10:30   5210.54   5210.5   1238.37   1238.37 < 0.05   39.338     
Column A 12/27/19 12/27/19 8:32                           800 
Column A 12/30/19 12/30/19 10:52   5641.38   5641.4   1243.47   1243.47 < 0.05   12.9948     
Column A 01/1/20 1/1/20 12:48                             
Column A 01/03/20 1/3/20 15:56                           760 
Column A 01/06/20 1/6/20 15:34   5212.56   6700   1232.9   1600 < 0.05   4.9504     
Column A 01/10/20 1/10/20 9:07                           800 
Column A 01/17/20 1/17/20 13:00                       31.4704 697 697 




Sample ID  Date/ Time 




















RECIRCULATION 2/12/19 12:00                             
Column A 01/22/20 1/22/20 11:00                             
Column A 01/24/20 1/24/20 11:00                             
Column A 01/27/20 1/27/20 14:00       12000       1600       51.714     
Column A 01/31/20 1/31/20 8:40                             
Column A 02/04/20 2/4/20 15:35       4700       1500       39.338   900 
Column A 02/07/20 2/7/20 8:20       7600       1400       36.5976     
Column A 02/11/20 2/11/20 14:00                             
Column A 02/14/20 2/14/20 11:10       7400       1500       26.52     




Sample ID  Date/ Time 




















RECIRCULATION 2/12/19 12:00                             
Column A 02/21/20 2/21/20 11:00                       15.2932     
Column A 02/25/20 2/25/20 14:00       7100       1600       22.4536     
End of Test 02/28/20 2/28/20 14:30       7700       1500           1240 
                
 
Sample ID  Date/ Time 








Results (ug/L) Results (mg/L) Results (mg/L) 
RECIRCULATION 2/12/19 12:00               




Sample ID  Date/ Time 








Results (ug/L) Results (mg/L) Results (mg/L) 
Column A 03/11/19 3/11/19 13:08               
Column A 03/13/19 3/13/19 10:23               
Column A 03/15/19 3/15/19 14:30 14.3 4.6618 180 7190       
Column A 03/19/19 3/19/19 12:30 11.2 3.6512 260         
Column A 03/23/19 3/23/19 12:40       7087.5       
Column A 03/25/19 3/25/19 12:00               
Column A 03/27/19 3/27/19 12:10 47 15.322 362 9750     38 
Column A 03/30/19 3/30/19 11:53               
Column A 04/02/19 4/2/19 17:30               
Column A 04/04/19 4/4/19 11:10               




Sample ID  Date/ Time 








Results (ug/L) Results (mg/L) Results (mg/L) 
Column A 04/09/19 4/9/19 14:14               
Column A 04/11/19 4/11/19 18:15 30 9.78 50 8625       
Column A 04/19/19 4/19/19 10:32               
Column A 04/21/19 4/21/19 18:30 7.6 2.4776           
Column A 04/28/19 4/28/19 16:46       9430       
Column A 05/02/19 5/2/19 14:37 23.6 7.6936 80         
Column A 05/04/19 5/4/19 12:00 103 33.578 52         
Column A 05/09/19 5/9/19 18:00 
 
            
Column A 05/17/19 5/17/19 20:51             
Column A 05/21/19 5/21/19 11:00               




Sample ID  Date/ Time 








Results (ug/L) Results (mg/L) Results (mg/L) 
Column A 05/29/19 5/29/19 11:30     62         
Column A 05/31/19 5/31/19 10:00             41 
Column A 06/03/19 6/3/19 11:00 38 12.388   5530       
Column A 06/05/19 6/5/19 11:00 30.2 9.8452 70         
Column A 06/07/19 6/7/19 11:00       5440       
Column A 06/12/19 6/12/19 11:00               
Column A 06/14/19 6/14/19 13:00     48 4345       
Column A 06/17/19 6/17/19 12:00               
Column A 06/19/19 6/19/19 11:00     94       90 
Column A 06/21/19 6/21/19 12:30 66 21.516           




Sample ID  Date/ Time 








Results (ug/L) Results (mg/L) Results (mg/L) 
Column A 06/26/19 6/26/19 12:00 50 16.3 92         
Column A 06/28/19 6/28/19 12:00               
Column A 07/01/19 7/1/19 13:00       3895       
Column A 07/03/19 7/3/19 8:30     62         
Column A 07/05/19 7/5/19 10:20 39 12.714           
Column A 07/08/19 7/8/19 12:30               
Column A 07/10/19 7/10/19 12:00       4348       
Column A 07/12/19 7/12/19 13:00 41 13.366 46       98 
Column A 07/15/19 7/15/19 11:00       4805       
Column A 07/17/19 7/17/19 11:00     42         




Sample ID  Date/ Time 








Results (ug/L) Results (mg/L) Results (mg/L) 
Column A 07/22/19 7/22/19 12:30 58 18.908 58         
Column A 07/24/19 7/24/19 10:00               
Column A 07/26/19 7/26/19 11:00               
Column A 08/02/19 8/2/19 12:00       4500       
Column A 08/05/19 8/5/19 11:30       8880       
Column A 08/09/19 8/9/19 12:00               
Column A 08/12/19 8/12/19 14:00               
Column A 08/14/19 8/14/19 10:00 84 27.384           
Column A 08/16/19 8/16/19 12:00               
Column A 08/19/19 8/19/19 13:00               




Sample ID  Date/ Time 








Results (ug/L) Results (mg/L) Results (mg/L) 
Column A 08/23/19 8/23/19 9:00               
Column A 08/26/19 8/26/19 9:00       5485       
Column A 08/28/19 8/28/19 8:00 21 6.846 120       11 
Column A 08/30/19  8/30/19 11:00       5800       
Column A 09/02/19 9/2/19 10:30               
Column A 09/04/19 9/4/19 7:30               
Column A 09/06/19 9/6/19 8:00 24.5 7.987           
Column A 09/09/19 9/9/19 8:30               
Column A 09/11/19 9/11/19 10:30     102 5427.5       
Column A 09/13/19 9/13/19 10:45 22 7.172           




Sample ID  Date/ Time 








Results (ug/L) Results (mg/L) Results (mg/L) 
Column A 09/19/19 9/19/19 8:30 24 7.824 160         
Column A 09/21/19 9/21/19 10:00               
Column A 09/23/19 9/23/19 8:00       4845       
Column A 09/25/19 9/25/19 10:30     140         
Column A 09/27/19 9/27/19 10:00 33 10.758           
Column A 09/30/19 9/30/19 13:00               
Column A 10/02/19 10/2/19 13:30             5.2 
Column A 10/05/19 10/5/19 10:00 46 15.01 150         
Column A 10/07/19 10/7/19 14:30       4865       
Column A 10/09/19 10/9/19 13:40               




Sample ID  Date/ Time 








Results (ug/L) Results (mg/L) Results (mg/L) 
Column A 10/14/19 10/14/19 15:40               
Column A 10/16/19 10/16/19 15:00       4546       
Column A 10/18/19  10/18/19 16:00               
Column A 10/21/19 10/21/19 8:00 69 22.52 116   44     
Column A 10/23/19 10/23/19 8:20               
Column A 10/25/19 10/25/19 8:30 85 27.74 104         
Column A 10/28/19 10/28/19 8:10               
Column A 10/30/19 10/30/19 10:30               
Column A 11/01/19 11/1/19 8:15 85 27.74 40       95 
Column A 11/04/19 11/4/19 7:45       4456       




Sample ID  Date/ Time 








Results (ug/L) Results (mg/L) Results (mg/L) 
Column A 11/08/19 11/8/19 9:00               
Column A 11/11/19 11/11/19 8:00               
Column A 11/13/19 11/13/19 14:30       4890       
Column A 11/15/19 11/15/19 9:25 80 26.11 66         
Column A 11/18/19 11/18/19 9:30               
Column A 11/20/19 11/20/19 8:30         150     
Column A 11/22/19 11/22/19 8:15 47 15.34 60         
Column A 11/26/19 11/26/19 8:18               
Column A 11/28/19 11/28/19 14:02               
Column A 11/30/19 11/30/19 10:30 39 12.73 72         




Sample ID  Date/ Time 








Results (ug/L) Results (mg/L) Results (mg/L) 
Column A 12/04/19 12/4/19 10:30               
Column A 12/06/19 12/6/19 11:30 43.5 14.19 114         
Column A 12/09/19 12/9/19 8:30               
Column A 12/11/19 12/11/19 8:00               
Column A 12/13/19 12/13/19 11:00 48 15.66 86 20080       
Column A 12/16/19 12/16/19 14:01               
Column A 12/18/19 12/18/19 10:21               
Column A 12/20/19 12/20/19 9:46 50 16.32 114.2 23732.5       
Column A 12/25/19 12/25/19 10:30               
Column A 12/27/19 12/27/19 8:32 31 10.12 113.6 18087.5       




Sample ID  Date/ Time 








Results (ug/L) Results (mg/L) Results (mg/L) 
Column A 01/1/20 1/1/20 12:48               
Column A 01/03/20 1/3/20 15:56 32.2 10.51 124.2 17030       
Column A 01/06/20 1/6/20 15:34             54 
Column A 01/10/20 1/10/20 9:07 19.6 6.4           
Column A 01/17/20 1/17/20 13:00     108.8 21600       
Column A 01/20/20 1/20/20 11:00 32.2 10.51 112.8 25900       
Column A 01/22/20 1/22/20 11:00               
Column A 01/24/20 1/24/20 11:00               
Column A 01/27/20 1/27/20 14:00               
Column A 01/31/20 1/31/20 8:40         5.5     




Sample ID  Date/ Time 








Results (ug/L) Results (mg/L) Results (mg/L) 
Column A 02/07/20 2/7/20 8:20         79 0.014   
Column A 02/11/20 2/11/20 14:00             130 
Column A 02/14/20 2/14/20 11:10               
Column A 02/18/20 2/18/20 15:12 52.5 17.13 132   200     
Column A 02/21/20 2/21/20 11:00               
Column A 02/25/20 2/25/20 14:00               





Table A.2 – Raw data for Column B 



























0.0 0.0 0.0 0.0 0 0 0     (Days) 


































































71.4 4283.0 1103.9 46 125 2013 0.029 631.97 26.33 26.33 
Column B 
04/02/19 
4/2/19 17:30 77.6 4657.0 1181.5 49 238 2251 0.051 360.90 15.04 15.04 
Column B 
04/04/19 
4/4/19 11:10 41.7 2500.0 1223.2 51 120 2371 0.048 384.26 16.01 16.01 
Column B 
04/06/19 
4/6/19 11:10 48.0 2880.0 1271.2 53 144 2515 0.050 368.88 15.37 15.37 
Column B 
04/09/19 














































d EBCT  
Column B 
05/02/19 
5/2/19 14:37 93.8 5631.0 1898.6 79 590 4759 0.105 176.03 7.33 7.33 
Column B 
05/04/19 
5/4/19 12:00 45.4 2723.0 1944.0 81 36 4795 0.013 1395.10 58.13   
Column B 
05/09/19 










86.2 5169.0 2351.0 98 740 7039 0.143 128.84 5.37 5.37 
Column B 
05/27/19 










46.5 2790.0 2590.0 108 520 9584 0.186 98.96 4.12 4.12 
Column B 
06/03/19 


























d EBCT  
Column B 
06/05/19 
6/5/19 11:00 48.0 2880.0 2711.0 113 770 11034 0.267 68.99 2.87 2.87 
Column B 
06/07/19 







































































48.0 2880.0 3264.0 136 410 14926 0.142 129.56 5.40 5.40 
Column B 
07/01/19 
7/1/19 13:00 73.0 4380.0 3337.0 139 970 15896 0.221 83.28 3.47 3.47 
Column B 
07/03/19 
7/3/19 8:30 43.5 2610.0 3380.5 141 222 16118 0.085 216.84 9.04 9.04 
Column B 
07/05/19 
7/5/19 10:20 49.8 2990.0 3430.3 143 140 16258 0.047 393.92 16.41 16.41 
Column B 
07/08/19 


































































49.0 2940.0 3935.0 164 325 19768 0.111 166.85 6.95 6.95 
Column B 
08/02/19 
8/2/19 12:00 169.0 10140.0 4104.0 171 235 20003 0.023 795.85 33.16 33.16 
Column B 
08/05/19 
8/5/19 11:30 71.5 4290.0 4175.5 174 308 20311 0.072 256.90 10.70 10.70 
Column B 
08/09/19 



















































46.0 2760.0 4559.0 190 1890 26336 0.685 26.93 1.12 1.12 
Column B 
08/23/19 
8/23/19 9:00 46.0 2760.0 4605.0 192 1160 27496 0.420 43.88 1.83 1.83 
Column B 
08/26/19 
8/26/19 9:00 72.0 4320.0 4677.0 195 520 28016 0.120 153.23 6.38 6.38 
Column B 
08/28/19 





51.0 3060.0 4775.0 199 465 29251 0.152 121.38 5.06 5.06 
Column B 
09/02/19 


























d EBCT  
Column B 
09/04/19 
9/4/19 7:30 45.0 2700.0 4891.5 204 212 29593 0.079 234.90 9.79 9.79 
Column B 
09/06/19 
9/6/19 8:00 48.5 2910.0 4940.0 206 495 30088 0.170 108.43 4.52 4.52 
Column B 
09/09/19 















71.9 4315.0 5182.7 216 180 31359 0.042 442.15 18.42 18.42 
Column B 
09/19/19 





49.5 2970.0 5302.0 221 219 31738 0.074 250.13 10.42 10.42 
Column B 
09/23/19 




































































































































50.3 3020.0 6238.5 260 246 35678 0.081 226.43 9.43 9.43 
Column B 
11/01/19 
11/1/19 8:15 45.8 2745.0 6284.3 262 192 35870 0.070 263.70 10.99 10.99 
Column B 
11/04/19 































50.9 3055.0 6406.7 267 500 36883 0.164 112.69 4.70 4.70 
Column B 
11/08/19 







































































44.5 2668.0 6982.5 291 160 39358 0.060 307.56 12.81 12.81 
Column B 
12/02/19 










49.0 2940.0 7127.5 297 120 40222 0.041 451.88 18.83 18.83 
Column B 
12/09/19 


































































74.3 4460.0 7702.9 321 470 43317 0.105 175.02 7.29 7.29 
Column B 1/1/20 1/1/20 12:48 49.9 2996.0 7752.8 323 82 43399 0.027 673.89 28.08 28.08 
Column B 1/03/20 1/3/20 15:56 51.1 3068.0 7803.9 325 45 43444 0.015 1257.49 52.40   
Column B 1/06/20 1/6/20 15:34 71.6 4298.0 7875.6 328 110 43554 0.026 720.67 30.03 30.03 



















































75.0 4500.0 8378.0 349 65 46907 0.014 1276.91 53.20   
Column B 
01/31/20 
1/31/20 8:40 90.7 5440.0 8468.7 353 320 47227 0.059 313.55 13.06 13.06 
Column B 
02/04/20 
2/4/20 15:35 102.9 6175.0 8571.6 357 145 47372 0.023 785.47 32.73 32.73 
Column B 
02/07/20 



















































99.0 5940.0 9074.0 378 57 49090 0.010 1922.08 80.09   




72.5 4350.0 9146.5 381 184 49274 0.042 436.05 18.17 18.17 
 

























RECIRCULATION 2/12/19 12:00                     
Test Started  3/9/19 13:10                     





























Column B 03/13/19 3/13/19 10:23 3.0 2.0 1.5 1 0.01 0.01 7.9   2120   
Column B 03/15/19 3/15/19 14:30 4.3 2.8 2.1 2 0.01 0.02 7.9 458 1790   
Column B 03/19/19 3/19/19 12:30 4.7 3.2 2.4 1 0 0 8.1 467 2160   
Column B 03/23/19 3/23/19 12:40 4.8 3.2 2.4     0     2200   
Column B 03/25/19 3/25/19 12:10 4.8 3.2 2.4           1240   
Column B 03/27/19 3/27/19 12:30 7.6 5.1 3.8 1 0.02 0.02 7.6 490 2280   
Column B 03/30/19 3/30/19 11:53 8.1 5.4 4.1 1 0 0 8.1   2270   
Column B 04/02/19 4/2/19 17:30 9.1 6.1 4.6 1 0 0 7.9 534 2310   
Column B 04/04/19 4/4/19 11:10 9.6 6.4 4.8 1 0.02 0.02 8   220   
Column B 04/06/19 4/6/19 11:10 10.2 6.8 5.1 1 0.01 0.01 7.9 464 2350   





























Column B 04/11/19 4/11/19 18:15 11.7 7.8 5.8 1 0 0.00     2340 2200 
Column B 04/19/19 4/19/19 10:32 11.7 7.8 5.9 1 0 0.00         
Column B 04/21/19 4/21/19 18:30 16.6 11.1 8.3 1 0 0.00 7.7 10     
Column B 04/28/19 4/28/19 16:46 16.9 11.3 8.4 1 0 0.03 7.7       
Column B 05/02/19 5/2/19 14:37 19.3 12.8 9.6 1 0 0.00 7.5   2010.00   
Column B 05/04/19 5/4/19 12:00 19.4 12.9 9.7 1 0 0.02 7.6       
Column B 05/09/19 5/9/19 18:00 25.4 17.0 12.7 1 0 0.00 7.2       
Column B 05/17/19 5/17/19 20:51 25.5 17.0 12.8 1 0 0.00 7.2       
Column B 05/21/19 5/21/19 11:00 28.5 19.0 14.2 1 0 0.03 7.7 274     
Column B 05/27/19 5/27/19 9:30 34.0 22.6 17.0 1 0 0.00 6.2 271 2020   





























Column B 05/31/19 5/31/19 10:00 38.8 25.9 19.4 1 0 0.03 7.3       
Column B 06/03/19 6/3/19 11:00 41.6 27.7 20.8 1 0 0.03 7.1 233 1920   
Column B 06/05/19 6/5/19 11:00 44.7 29.8 22.3 1 0 0.02 6.6       
Column B 06/07/19 6/7/19 11:00 46.2 30.8 23.1 1 0 0.00 7.7 489     
Column B 06/10/19 6/10/19 12:00 47.3 31.5 23.6 1 0 0.02 7.4   2230   
Column B 06/12/19 6/12/19 11:00 49.0 32.7 24.5 1 0 0.00 7       
Column B 06/14/19 6/14/19 13:00 50.5 33.7 25.3 1 0 0.00 7.8 480     
Column B 06/17/19 6/17/19 12:00 53.5 35.7 26.7 1 0 0.00 7.4       
Column B 06/19/19 6/19/19 11:00 54.7 36.5 27.3 1 0 0.02 7.7 500     
Column B 06/21/19 6/21/19 12:30 55.5 37.0 27.7 1 0 0.00 7.7   1980 1800 





























Column B 06/26/19 6/26/19 12:00 58.8 39.2 29.4 1 0 0.03 7.52 380     
Column B 06/28/19 6/28/19 12:00 60.4 40.3 30.2 1 0 0.00 7.3       
Column B 07/01/19 7/1/19 13:00 64.4 42.9 32.2 1 0 0.02 6.2   2510   
Column B 07/03/19 7/3/19 8:30 65.3 43.5 32.6 1 0 0.00 7.3 492     
Column B 07/05/19 7/5/19 10:20 65.8 43.9 32.9 1 0 0.04 7.2       
Column B 07/08/19 7/8/19 12:30 68.1 45.4 34.0 1 0 0.00 7.1       
Column B 07/10/19 7/10/19 12:00 69.1 46.1 34.6 1 0 0.00 7.4 452 2800   
Column B 07/12/19 7/12/19 13:00 69.6 46.4 34.8 1 0 0.00 7.4       
Column B 07/15/19 7/15/19 11:00 71.5 47.7 35.8 1 0 0.00 6.8       
Column B 07/17/19 7/17/19 11:00 72.1 48.0 36.0 1 0 0.00 7.9 461     





























Column B 07/22/19 7/22/19 12:30 75.6 50.4 37.8 1 0 0.00 7.9   2010   
Column B 07/24/19 7/24/19 10:00 78.7 52.5 39.4 1 0 0.00 6.3 210     
Column B 07/26/19 7/26/19 11:00 80.0 53.4 40.0 1 0 0.00 7.3       
Column B 08/02/19 8/2/19 12:00 81.0 54.0 40.5 1 0 0.02 7.7       
Column B 08/05/19 8/5/19 11:30 82.2 54.8 41.1 1 0 0.00 7.5       
Column B 08/09/19 8/9/19 12:00 83.0 55.3 41.5 1 0 0.00 7.8       
Column B 08/12/19 8/12/19 14:00 84.2 56.2 42.1 1 0 0.00 7.6       
Column B 08/14/19 8/14/19 10:00 86.0 57.3 43.0 1 0 0.00 6.7   2070   
Column B 08/16/19 8/16/19 12:00 91.3 60.9 45.6 1 0 0.05 6.9       
Column B 08/19/19 8/19/19 13:00 99.0 66.0 49.5 1 0 0.00 7       





























Column B 08/23/19 8/23/19 9:00 111.3 74.2 55.7 1 0 0.04 7.4       
Column B 08/26/19 8/26/19 9:00 113.4 75.6 56.7 1 0 0.07 7.8   855 780 
Column B 08/28/19 8/28/19 8:00 116.5 77.7 58.3 1 0 0.00 7.6 28     
Column B 08/30/19  8/30/19 11:00 118.4 79.0 59.2 1 0 0.00 7.5       
Column B 09/02/19 9/2/19 10:30 119.0 79.3 59.5 1 0 0.02 7.6 18 1190   
Column B 09/04/19 9/4/19 7:30 119.8 79.9 59.9 1 0 0.02 8.1       
Column B 09/06/19 9/6/19 8:00 121.8 81.2 60.9 1 0 0.02 7.3   1480   
Column B 09/09/19 9/9/19 8:30 124.0 82.7 62.0 1 0 0.00 7.2 30 1520 1400 
Column B 09/11/19 9/11/19 10:30 124.8 83.2 62.4 1 0 0.00 7.6       
Column B 09/13/19 9/13/19 10:45 126.2 84.2 63.1 1 0 0.02 7.8   1500   





























Column B 09/19/19 9/19/19 8:30 127.6 85.1 63.8 1 0 0.00 7.8       
Column B 09/21/19 9/21/19 10:00 128.5 85.7 64.2 1 0 0.00 7.9   1340   
Column B 09/23/19 9/23/19 8:00 128.9 86.0 64.5 1 0 0.00 8.2       
Column B 09/25/19 9/25/19 10:30 129.5 86.3 64.7 1 0 0.04 8.1 39     
Column B 09/27/19 9/27/19 10:00 129.9 86.6 65.0 1 0 0.01 8.2       
Column B 09/30/19 9/30/19 13:00 131.0 87.3 65.5 1 0 0.00 7.8 50     
Column B 10/02/19 10/2/19 13:30 132.9 88.6 66.4 1 0 0.00 7.4   1620   
Column B 10/05/19 10/5/19 10:00 133.6 89.1 66.8 1 0 0.03 7.6       
Column B 10/07/19 10/7/19 14:30 133.9 89.3 67.0 1 0 0.00 8.2 75     
Column B 10/09/19 10/9/19 13:40 134.4 89.6 67.2 1 0 0.00 8       





























Column B 10/14/19 10/14/19 15:40 135.1 90.0 67.5 1 0 0.00 8.3 139     
Column B 10/16/19 10/16/19 15:00 135.4 90.3 67.7 1 0 0.00 8.1       
Column B 10/18/19  10/18/19 16:00 136.0 90.7 68.0 1 0 0.00 8.1   2000 1800 
Column B 10/21/19 10/21/19 8:00 139.3 92.9 69.7 1 0 0.00 6.9 400     
Column B 10/23/19 10/23/19 8:20 140.1 93.4 70.0 1 0 0.00 8.01       
Column B 10/25/19 10/25/19 8:30 141.2 94.1 70.6 1 0 0.00 8.1       
Column B 10/28/19 10/28/19 8:10 143.4 95.6 71.7 1 0 0.00 7 428     
Column B 10/30/19 10/30/19 10:30 144.4 96.3 72.2 1 0 0.00 7.6       
Column B 11/01/19 11/1/19 8:15 145.2 96.8 72.6 1 0 0.02 7.8   2070   
Column B 11/04/19 11/4/19 7:45 147.3 98.2 73.6 1 0 0.00 7 523     





























Column B 11/08/19 11/8/19 9:00 149.9 99.9 75.0 1 0 0.00 8       
Column B 11/11/19 11/11/19 8:00 151.2 100.8 75.6 1 0 0.00 8 482     
Column B 11/13/19 11/13/19 14:30 152.0 101.4 76.0 1 0 0.00 7.8       
Column B 11/15/19 11/15/19 9:25 152.9 101.9 76.5 1 0 0.00 7.8       
Column B 11/18/19 11/18/19 9:30 153.8 102.5 76.9 1 0 0.03 7.4 406 2110   
Column B 11/20/19 11/20/19 8:30 154.5 103.0 77.3 1 0 0.02 6       
Column B 11/22/19 11/22/19 8:15 155.6 103.8 77.8 1 0 0.03 7.7       
Column B 11/26/19 11/26/19 8:18 157.2 104.8 78.6 1 0 0.02 7.3 310     
Column B 11/28/19 11/28/19 14:02 158.7 105.8 79.3 1 0 0.03 7.1       
Column B 11/30/19 11/30/19 10:30 159.3 106.2 79.7 1 0 0.00 7.7       





























Column B 12/04/19 12/4/19 10:30 162.4 108.2 81.2 1 0 0.00 6.9       
Column B 12/06/19 12/6/19 11:30 162.8 108.6 81.4 1 0 0.00 7.9       
Column B 12/09/19 12/9/19 8:30 163.3 108.9 81.7 1 0 0.00 7.8 192 3410   
Column B 12/11/19 12/11/19 8:00 165.0 110.0 82.5 1 0 0.00 7       
Column B 12/13/19 12/13/19 11:00 168.2 112.2 84.1 1 0 0.00 6.7       
Column B 12/16/19 12/16/19 14:01 169.2 112.8 84.6 1 0 0.00 7.5 233 3720   
Column B 12/18/19 12/18/19 10:21 169.6 113.1 84.8 1 0 0.00 7.8       
Column B 12/20/19 12/20/19 9:46 169.9 113.2 84.9 1 0 0.02 7.1       
Column B 12/25/19 12/25/19 10:30 171.3 114.2 85.6 1 0 0.04 6.4 236.5 3900   
Column B 12/27/19 12/27/19 8:32 173.5 115.6 86.7 1 0 0.00 6.4       





























Column B 1/1/20 1/1/20 12:48 175.7 117.1 87.9 1 0 0.00 7.7       
Column B 1/03/20 1/3/20 15:56 175.9 117.3 87.9 1 0 0.05 7.3       
Column B 1/06/20 1/6/20 15:34 176.3 117.6 88.2 1 0 0.08 7.6   4100   
Column B 1/10/20 1/10/20 9:07 180.4 120.2 90.2 1 0 0.00 7 258     
Column B 01/17/20 1/17/20 13:00 182.3 121.5 91.2 1 0 0.03 7.3 342     
Column B 01/20/20 1/20/20 11:00 188.1 125.4 94.1 1 0 3.50 6.4   3110   
Column B 01/22/20 1/22/20 11:00 189.4 126.3 94.7 1 0 0.01 7 276     
Column B 01/24/20 1/24/20 11:00 189.6 126.4 94.8 1 0 0.04 7.8       
Column B 01/27/20 1/27/20 14:00 189.9 126.6 95.0 1 0 0.07 7.3 304 3840   
Column B 01/31/20 1/31/20 8:40 191.2 127.5 95.6 1 0 0.01 7       





























Column B 02/07/20 2/7/20 8:20 194.2 129.5 97.1 1 0 0.00 7.8   4390   
Column B 02/11/20 2/11/20 14:00 194.6 129.7 97.3 1 0 0.02 6.6 245     
Column B 02/14/20 2/14/20 11:10 195.6 130.4 97.8 1 0 0.20 7.6   4180   
Column B 02/18/20 2/18/20 15:12 197.8 131.9 98.9 1 0 0.02 6.6 344     
Column B 02/21/20 2/21/20 11:00 198.5 132.3 99.3 1 0 0.05 7.6   4320   
Column B 02/25/20 2/25/20 14:00 198.7 132.5 99.4 1 0 0.10 8.2   3890   






Sample ID  Date/ Time 





















RECIRCULATION 2/12/19 12:00                             
Test Started  3/9/19 13:10                             
Column B 03/11/19 3/11/19 13:08                     < 0.884     
Column B 03/13/19 3/13/19 10:23       880       790     < 0.884     
Column B 03/15/19 3/15/19 14:30                     < 0.884     
Column B 03/19/19 3/19/19 12:30                     < 0.884   320 
Column B 03/23/19 3/23/19 12:40                     < 0.884   390 
Column B 03/25/19 3/25/19 12:10                             
Column B 03/27/19 3/27/19 12:30       1300       770     < 0.884     




Sample ID  Date/ Time 





















RECIRCULATION 2/12/19 12:00                             
Column B 04/02/19 4/2/19 17:30                     < 0.884     
Column B 04/04/19 4/4/19 11:10                     < 0.884   260 
Column B 04/06/19 4/6/19 11:10                     < 0.884     
Column B 04/09/19 4/9/19 14:14                     < 0.884     
Column B 04/11/19 4/11/19 18:15       1800       830     < 0.884   430 
Column B 04/19/19 4/19/19 10:32                     < 0.884     
Column B 04/21/19 4/21/19 18:30       120       370     < 0.884     
Column B 04/28/19 4/28/19 16:46                     < 0.884 435.4 435.4 
Column B 05/02/19 5/2/19 14:37                     < 0.884 309.3 240 




Sample ID  Date/ Time 





















RECIRCULATION 2/12/19 12:00                             
Column B 05/09/19 5/9/19 18:00                     < 0.884     
Column B 05/17/19 5/17/19 20:51                     < 0.884     
Column B 05/21/19 5/21/19 11:00                     < 0.884 65.5 65.5 
Column B 05/27/19 5/27/19 9:30                       3.2708 381.4 300 
Column B 05/29/19 5/29/19 11:30                     < 0.884     
Column B 05/31/19 5/31/19 10:00       410       410             
Column B 06/03/19 6/3/19 11:00                           540 
Column B 06/05/19 6/5/19 11:00                     < 0.884 450.5 120 
Column B 06/07/19 6/7/19 11:00       210       620             




Sample ID  Date/ Time 





















RECIRCULATION 2/12/19 12:00                             
Column B 06/12/19 6/12/19 11:00                             
Column B 06/14/19 6/14/19 13:00                             
Column B 06/17/19 6/17/19 12:00   1.91 < 0.2       330     < 0.884   280 
Column B 06/19/19 6/19/19 11:00                             
Column B 06/21/19 6/21/19 12:30   1.92 < 0.2       270     < 0.884     
Column B 06/24/19  6/24/19 13:00               150     < 0.884     
Column B 06/26/19 6/26/19 12:00   2.23 < 0.2       200           450 
Column B 06/28/19 6/28/19 12:00                             
Column B 07/01/19 7/1/19 13:00   148                 < 0.884     




Sample ID  Date/ Time 





















RECIRCULATION 2/12/19 12:00                             
Column B 07/05/19 7/5/19 10:20                             
Column B 07/08/19 7/8/19 12:30   2.3 < 0.2       72     < 0.884     
Column B 07/10/19 7/10/19 12:00                             
Column B 07/12/19 7/12/19 13:00   1.65 < 0.2       3.9           610 
Column B 07/15/19 7/15/19 11:00               4.8     < 0.884     
Column B 07/17/19 7/17/19 11:00   1.07 < 0.2       25             
Column B 07/19/19 7/19/19 13:00                           510 
Column B 07/22/19 7/22/19 12:30                     < 0.884     
Column B 07/24/19 7/24/19 10:00               42     < 0.884     




Sample ID  Date/ Time 





















RECIRCULATION 2/12/19 12:00                             
Column B 08/02/19 8/2/19 12:00   0.083 < 0.2       22             
Column B 08/05/19 8/5/19 11:30   0.22 < 0.2     < 0.05             
Column B 08/09/19 8/9/19 12:00                             
Column B 08/12/19 8/12/19 14:00                             
Column B 08/14/19 8/14/19 10:00                       1.547   330 
Column B 08/16/19 8/16/19 12:00   95.58   100       50             
Column B 08/19/19 8/19/19 13:00                             
Column B 08/21/19 8/21/19 11:00                       27.9344     
Column B 08/23/19 8/23/19 9:00   3491.5   2600       470           440 




Sample ID  Date/ Time 





















RECIRCULATION 2/12/19 12:00                             
Column B 08/28/19 8/28/19 8:00   2690.9   2400       510           510 
Column B 08/30/19  8/30/19 11:00                             
Column B 09/02/19 9/2/19 10:30   1618   1600   391.911   430     < 0.884     
Column B 09/04/19 9/4/19 7:30                             
Column B 09/06/19 9/6/19 8:00                     < 0.884   610 
Column B 09/09/19 9/9/19 8:30   1170   1200   400.331   440             
Column B 09/11/19 9/11/19 10:30                             
Column B 09/13/19 9/13/19 10:45                     < 0.884   550 
Column B 09/16/19 9/16/19 10:40   1430.9   1300       510             




Sample ID  Date/ Time 





















RECIRCULATION 2/12/19 12:00                             
Column B 09/21/19 9/21/19 10:00       1300       460     < 0.884     
Column B 09/23/19 9/23/19 8:00       1100       450     < 0.884     
Column B 09/25/19 9/25/19 10:30                             
Column B 09/27/19 9/27/19 10:00                           590 
Column B 09/30/19 9/30/19 13:00       730       400     < 0.884     
Column B 10/02/19 10/2/19 13:30                             
Column B 10/05/19 10/5/19 10:00                           360 
Column B 10/07/19 10/7/19 14:30       280       400     < 0.884     
Column B 10/09/19 10/9/19 13:40                             




Sample ID  Date/ Time 





















RECIRCULATION 2/12/19 12:00                             
Column B 10/14/19 10/14/19 15:40       0.4       310     < 0.884     
Column B 10/16/19 10/16/19 15:00                             
Column B 10/18/19  10/18/19 16:00       0.15       200     < 0.884     
Column B 10/21/19 10/21/19 8:00                           440 
Column B 10/23/19 10/23/19 8:20   16.8   12   293.987   280 < 0.05 < 0.884     
Column B 10/25/19 10/25/19 8:30                           380 
Column B 10/28/19 10/28/19 8:10                             
Column B 10/30/19 10/30/19 10:30   1.22 < 0.1   25.468   31 < 0.05 < 0.884     
Column B 11/01/19 11/1/19 8:15                           360 




Sample ID  Date/ Time 





















RECIRCULATION 2/12/19 12:00                             
Column B 11/06/19 11/6/19 10:40                           360 
Column B 11/08/19 11/8/19 9:00                             
Column B 11/11/19 11/11/19 8:00 < 0.05 < 0.1 < 0.05   0.5   15.9 < 0.884     
Column B 11/13/19 11/13/19 14:30                             
Column B 11/15/19 11/15/19 9:25                           270 
Column B 11/18/19 11/18/19 9:30   17.5   17.5 < 0.05   0.05   16.2 < 0.884     
Column B 11/20/19 11/20/19 8:30                             
Column B 11/22/19 11/22/19 8:15                           560 
Column B 11/26/19 11/26/19 8:18 < 0.05   0.05   75.2   75.2   16.1 < 0.884     




Sample ID  Date/ Time 





















RECIRCULATION 2/12/19 12:00                             
Column B 11/30/19 11/30/19 10:30                           620 
Column B 12/02/19 12/2/19 9:36   1518.4   1600   558.4   570   17.8   9.724     
Column B 12/04/19 12/4/19 10:30                             
Column B 12/06/19 12/6/19 11:30                           740 
Column B 12/09/19 12/9/19 8:30   4448.83   4500   1087.8   1200   50.3   49.946     
Column B 12/11/19 12/11/19 8:00                             
Column B 12/13/19 12/13/19 11:00                           1020 
Column B 12/16/19 12/16/19 14:01   5843.41   6500   1139.24   1400 < 0.05   60.112     
Column B 12/18/19 12/18/19 10:21                             




Sample ID  Date/ Time 





















RECIRCULATION 2/12/19 12:00                             
Column B 12/25/19 12/25/19 10:30   5599.41   5599.414   1171.63   1171.63 < 0.05   33.4152     
Column B 12/27/19 12/27/19 8:32                           840 
Column B 12/30/19 12/30/19 10:52   6547   6546.996   1225.09   1225.09 < 0.05   1.1492     
Column B 1/1/20 1/1/20 12:48                             
Column B 1/03/20 1/3/20 15:56                           640 
Column B 1/06/20 1/6/20 15:34   5919.69   6600   1209.42   1500 < 0.05   1.5028     
Column B 1/10/20 1/10/20 9:07                           720 
Column B 01/17/20 1/17/20 13:00                             
Column B 01/20/20 1/20/20 11:00       8800       1600       36.4208   800 




Sample ID  Date/ Time 





















RECIRCULATION 2/12/19 12:00                             
Column B 01/24/20 1/24/20 11:00                             
Column B 01/27/20 1/27/20 14:00       7000       1600       47.736     
Column B 01/31/20 1/31/20 8:40                             
Column B 02/04/20 2/4/20 15:35       6900       1600       35.9788   800 
Column B 02/07/20 2/7/20 8:20       7900       1500       29.0836     
Column B 02/11/20 2/11/20 14:00                             
Column B 02/14/20 2/14/20 11:10       7500       1400       15.7352     
Column B 02/18/20 2/18/20 15:12                           1100 
Column B 02/21/20 2/21/20 11:00                       5.3482     




Sample ID  Date/ Time 





















RECIRCULATION 2/12/19 12:00                             
End of Test 02/28/20 2/28/20 14:30       7800       1500           1160 
 
 
Sample ID  Date/ Time 








Results (ug/L) Results (mg/L) Results (mg/L) 
RECIRCULATION 2/12/19 12:00               
Test Started  3/9/19 13:10               
Column B 03/11/19 3/11/19 13:08               
Column B 03/13/19 3/13/19 10:23               




Sample ID  Date/ Time 








Results (ug/L) Results (mg/L) Results (mg/L) 
RECIRCULATION 2/12/19 12:00               
Column B 03/19/19 3/19/19 12:30 9.1 2.9666 272 8685       
Column B 03/23/19 3/23/19 12:40 4.8 1.5648 1.69         
Column B 03/25/19 3/25/19 12:10       10510       
Column B 03/27/19 3/27/19 12:30               
Column B 03/30/19 3/30/19 11:53 18.3 5.9658 338 8445     31 
Column B 04/02/19 4/2/19 17:30               
Column B 04/04/19 4/4/19 11:10 8 2.608           
Column B 04/06/19 4/6/19 11:10       8955     31 
Column B 04/09/19 4/9/19 14:14               




Sample ID  Date/ Time 








Results (ug/L) Results (mg/L) Results (mg/L) 
RECIRCULATION 2/12/19 12:00               
Column B 04/19/19 4/19/19 10:32               
Column B 04/21/19 4/21/19 18:30 2 0.652           
Column B 04/28/19 4/28/19 16:46       9900       
Column B 05/02/19 5/2/19 14:37 19 6.194 12         
Column B 05/04/19 5/4/19 12:00 76 24.776 156 7860       
Column B 05/09/19 5/9/19 18:00               
Column B 05/17/19 5/17/19 20:51               
Column B 05/21/19 5/21/19 11:00               
Column B 05/27/19 5/27/19 9:30 31.8 10.3668 90         




Sample ID  Date/ Time 








Results (ug/L) Results (mg/L) Results (mg/L) 
RECIRCULATION 2/12/19 12:00               
Column B 05/31/19 5/31/19 10:00             31 
Column B 06/03/19 6/3/19 11:00 31.2 10.1712   5250       
Column B 06/05/19 6/5/19 11:00 20.8 6.7808 64         
Column B 06/07/19 6/7/19 11:00       5510       
Column B 06/10/19 6/10/19 12:00               
Column B 06/12/19 6/12/19 11:00               
Column B 06/14/19 6/14/19 13:00     64 5285       
Column B 06/17/19 6/17/19 12:00               
Column B 06/19/19 6/19/19 11:00     106       81 




Sample ID  Date/ Time 








Results (ug/L) Results (mg/L) Results (mg/L) 
RECIRCULATION 2/12/19 12:00               
Column B 06/24/19  6/24/19 13:00       4590       
Column B 06/26/19 6/26/19 12:00 68 22.168 90         
Column B 06/28/19 6/28/19 12:00               
Column B 07/01/19 7/1/19 13:00       3825       
Column B 07/03/19 7/3/19 8:30     70         
Column B 07/05/19 7/5/19 10:20 45.5 14.833           
Column B 07/08/19 7/8/19 12:30               
Column B 07/10/19 7/10/19 12:00       4424       
Column B 07/12/19 7/12/19 13:00 50 16.3 54       88 




Sample ID  Date/ Time 








Results (ug/L) Results (mg/L) Results (mg/L) 
RECIRCULATION 2/12/19 12:00               
Column B 07/17/19 7/17/19 11:00     56         
Column B 07/19/19 7/19/19 13:00 50 16.3   4950       
Column B 07/22/19 7/22/19 12:30 46 14.996 65         
Column B 07/24/19 7/24/19 10:00               
Column B 07/26/19 7/26/19 11:00               
Column B 08/02/19 8/2/19 12:00       4110       
Column B 08/05/19 8/5/19 11:30       7620       
Column B 08/09/19 8/9/19 12:00               
Column B 08/12/19 8/12/19 14:00               




Sample ID  Date/ Time 








Results (ug/L) Results (mg/L) Results (mg/L) 
RECIRCULATION 2/12/19 12:00               
Column B 08/16/19 8/16/19 12:00               
Column B 08/19/19 8/19/19 13:00               
Column B 08/21/19 8/21/19 11:00     146 6035       
Column B 08/23/19 8/23/19 9:00               
Column B 08/26/19 8/26/19 9:00       3176.65       
Column B 08/28/19 8/28/19 8:00 39 12.714 154       9.9 
Column B 08/30/19  8/30/19 11:00       8585       
Column B 09/02/19 9/2/19 10:30               
Column B 09/04/19 9/4/19 7:30               




Sample ID  Date/ Time 








Results (ug/L) Results (mg/L) Results (mg/L) 
RECIRCULATION 2/12/19 12:00               
Column B 09/09/19 9/9/19 8:30               
Column B 09/11/19 9/11/19 10:30     164 5635       
Column B 09/13/19 9/13/19 10:45 57 18.582           
Column B 09/16/19 9/16/19 10:40       4900       
Column B 09/19/19 9/19/19 8:30 49 15.974 112         
Column B 09/21/19 9/21/19 10:00               
Column B 09/23/19 9/23/19 8:00       4486.67       
Column B 09/25/19 9/25/19 10:30     122         
Column B 09/27/19 9/27/19 10:00 29 9.454           




Sample ID  Date/ Time 








Results (ug/L) Results (mg/L) Results (mg/L) 
RECIRCULATION 2/12/19 12:00               
Column B 10/02/19 10/2/19 13:30             54 
Column B 10/05/19 10/5/19 10:00 63 20.56 82         
Column B 10/07/19 10/7/19 14:30       4665       
Column B 10/09/19 10/9/19 13:40               
Column B 10/12/19  10/12/19 3:30 25 8.16 98         
Column B 10/14/19 10/14/19 15:40               
Column B 10/16/19 10/16/19 15:00       4140       
Column B 10/18/19  10/18/19 16:00               
Column B 10/21/19 10/21/19 8:00 93 30.35 99   85 0.024   




Sample ID  Date/ Time 








Results (ug/L) Results (mg/L) Results (mg/L) 
RECIRCULATION 2/12/19 12:00               
Column B 10/25/19 10/25/19 8:30 77 25.13 75         
Column B 10/28/19 10/28/19 8:10               
Column B 10/30/19 10/30/19 10:30               
Column B 11/01/19 11/1/19 8:15 61 19.91 89       80 
Column B 11/04/19 11/4/19 7:45       4805       
Column B 11/06/19 11/6/19 10:40 77 25.13 128         
Column B 11/08/19 11/8/19 9:00               
Column B 11/11/19 11/11/19 8:00               
Column B 11/13/19 11/13/19 14:30       4883.3       




Sample ID  Date/ Time 








Results (ug/L) Results (mg/L) Results (mg/L) 
RECIRCULATION 2/12/19 12:00               
Column B 11/18/19 11/18/19 9:30               
Column B 11/20/19 11/20/19 8:30         92     
Column B 11/22/19 11/22/19 8:15 68 22.19 77         
Column B 11/26/19 11/26/19 8:18               
Column B 11/28/19 11/28/19 14:02               
Column B 11/30/19 11/30/19 10:30 57 18.6 87         
Column B 12/02/19 12/2/19 9:36       8785       
Column B 12/04/19 12/4/19 10:30               
Column B 12/06/19 12/6/19 11:30 21.5 7.02 136         




Sample ID  Date/ Time 








Results (ug/L) Results (mg/L) Results (mg/L) 
RECIRCULATION 2/12/19 12:00               
Column B 12/11/19 12/11/19 8:00               
Column B 12/13/19 12/13/19 11:00 48 15.66 95 18200       
Column B 12/16/19 12/16/19 14:01               
Column B 12/18/19 12/18/19 10:21               
Column B 12/20/19 12/20/19 9:46 33 10.77 118 19464       
Column B 12/25/19 12/25/19 10:30               
Column B 12/27/19 12/27/19 8:32 44.5 14.52 106 20465       
Column B 12/30/19 12/30/19 10:52               
Column B 1/1/20 1/1/20 12:48               




Sample ID  Date/ Time 








Results (ug/L) Results (mg/L) Results (mg/L) 
RECIRCULATION 2/12/19 12:00               
Column B 1/06/20 1/6/20 15:34             49 
Column B 1/10/20 1/10/20 9:07 34.6 11.29           
Column B 01/17/20 1/17/20 13:00     110 21272       
Column B 01/20/20 1/20/20 11:00 31 10.12 90 22540       
Column B 01/22/20 1/22/20 11:00               
Column B 01/24/20 1/24/20 11:00               
Column B 01/27/20 1/27/20 14:00               
Column B 01/31/20 1/31/20 8:40         45     
Column B 02/04/20 2/4/20 15:35 33.5 10.93 100         




Sample ID  Date/ Time 








Results (ug/L) Results (mg/L) Results (mg/L) 
RECIRCULATION 2/12/19 12:00               
Column B 02/11/20 2/11/20 14:00             140 
Column B 02/14/20 2/14/20 11:10               
Column B 02/18/20 2/18/20 15:12 31.5 10.28 114   44     
Column B 02/21/20 2/21/20 11:00               
Column B 02/25/20 2/25/20 14:00               





Table A.3 – Raw data for Column C 























RECIRCULATION 2/12/19 12:00 0.0 0.0 0.0 0.0 0 0 0  0 0 0 
Test Started  3/9/19 13:10 601.2 36070.0 601.2 25             
Column C 03/11/19 3/11/19 13:08 48.0 2878.0 649.1 27 485 485 0.1685 96.72 4.03 4.03 
Column C 03/13/19 3/13/19 10:23 45.2 2715.0 694.4 29 535 1020 0.1971 82.72 3.45 3.45 
Column C 03/15/19 3/15/19 14:30 52.1 3127.0 746.5 31 410 1430 0.1311 124.31 5.18 5.18 
Column C 03/19/19 3/19/19 12:30 94.0 5640.0 840.5 35 770 2200 0.1365 119.39 4.97 4.97 
Column C 03/23/19 3/23/19 12:00 95.5 5730.0 936.0 39 390 2590 0.0681 239.48 9.98 9.98 
Column C 03/25/19 3/25/19 12:10 48.2 2890.0 984.2 41 163 2753 0.0564 288.99 12.04 12.04 
Column C 03/27/19 3/27/19 12:30 48.3 2900.0 1032.5 43 1600 4353 0.5517 29.54 1.23 1.23 
Column C 03/30/19 3/30/19 11:53 71.4 4283.0 1103.9 46 208 4561 0.0486 335.63 13.98 13.98 



























RECIRCULATION 2/12/19 12:00 0.0 0.0 0.0 0.0 0 0 0  0 0 0 
Column C 04/04/19 4/4/19 11:10 41.7 2500.0 1223.2 51 115 4896 0.0460 354.34 14.76 14.76 
Column C 04/06/19 4/6/19 11:10 48.0 2880.0 1271.2 53 142 5038 0.0493 330.58 13.77 13.77 
Column C 04/09/19 4/9/19 14:14 75.1 4504.0 1346.2 56 270 5308 0.0599 271.90 11.33 11.33 
Column C 04/11/19 4/11/19 18:15 52.0 3121.0 1398.2 58 91 5399 0.0292 559.02 23.29   
Column C 04/19/19 4/19/19 10:32 184.3 11057.0 1582.5 66 242 5641 0.0219 744.73 31.03   
Column C 04/21/19 4/21/19 18:30 56.0 3358.0 1638.5 68 78 5719 0.0232 701.72 29.24   
Column C 04/28/19 4/28/19 16:46 166.3 9976.0 1804.8 75 206 5925 0.0206 789.34 32.89   
Column C 05/02/19 5/2/19 14:37 93.8 5631.0 1898.6 79 206 6131 0.0366 445.55 18.56 18.56 
Column C 05/04/19 5/4/19 12:00 45.4 2723.0 1944.0 81 206 6337 0.0757 215.45 8.98 8.98 
Column C 05/09/19 5/9/19 18:00 126.0 7560.0 2070.0 86 135 6472 0.0179 912.78 38.03   



























RECIRCULATION 2/12/19 12:00 0.0 0.0 0.0 0.0 0 0 0  0 0 0 
Column C 05/21/19 5/21/19 11:00 86.2 5169.0 2351.0 98 535 8187 0.1035 157.48 6.56 6.56 
Column C 05/24/19 5/24/19 11:00 72.0 4320.0 2423.0 101 610 8797 0.1412 115.43 4.81 4.81 
Column C 05/27/19 5/27/19 9:30 70.5 4230.0 2493.5 104 382 9179 0.0903 180.49 7.52 7.52 
Column C 05/29/19 5/29/19 11:30 50.0 3000.0 2543.5 106 230 9409 0.0767 212.60 8.86 8.86 
Column C 05/31/19 5/31/19 10:00 46.5 2790.0 2590.0 108 310 9719 0.1111 146.70 6.11 6.11 
Column C 06/03/19 6/3/19 11:00 73.0 4380.0 2663.0 111 1250 10969 0.2854 57.11 2.38 2.38 
Column C 06/05/19 6/5/19 11:00 48.0 2880.0 2711.0 113 1350 12319 0.4688 34.77 1.45 1.45 
Column C 06/07/19 6/7/19 11:00 48.0 2880.0 2759.0 115 890 13209 0.3090 52.74 2.20 2.20 
Column C 06/10/19 6/10/19 12:00 73.0 4380.0 2832.0 118 470 13679 0.1073 151.90 6.33 6.33 
Column C 06/12/19 6/12/19 11:00 47.0 2820.0 2879.0 120 1610 15289 0.5709 28.55 1.19 1.19 



























RECIRCULATION 2/12/19 12:00 0.0 0.0 0.0 0.0 0 0 0  0 0 0 
Column C 06/17/19 6/17/19 12:00 71.0 4260.0 3000.0 125 1200 17769 0.2817 57.86 2.41 2.41 
Column C 06/19/19 6/19/19 11:00 47.0 2820.0 3047.0 127 830 18599 0.2943 55.38 2.31 2.31 
Column C 06/21/19 6/21/19 12:30 49.5 2970.0 3096.5 129 840 19439 0.2828 57.63 2.40 2.40 
Column C 06/24/19 6/24/19 13:00 72.5 4350.0 3169.0 132 1040 20479 0.2391 68.18 2.84 2.84 
Column C 06/26/19 6/26/19 12:00 47.0 2820.0 3216.0 134 540 21019 0.1915 85.12 3.55 3.55 
Column C 06/28/19 6/28/19 12:00 48.0 2880.0 3264.0 136 410 21429 0.1424 114.49 4.77 4.77 
Column C 07/01/19 7/1/19 13:00 73.0 4380.0 3337.0 139 435 21864 0.0993 164.12 6.84 6.84 
Column C 07/03/19 7/3/19 8:30 43.5 2610.0 3380.5 141 285 22149 0.1092 149.27 6.22 6.22 
Column C 07/05/19 7/5/19 10:20 49.8 2990.0 3430.3 143 315 22464 0.1054 154.72 6.45 6.45 
Column C 07/08/19 7/8/19 12:30 74.2 4450.0 3504.5 146 440 22904 0.0989 164.85 6.87 6.87 



























RECIRCULATION 2/12/19 12:00 0.0 0.0 0.0 0.0 0 0 0  0 0 0 
Column C 07/12/19 7/12/19 13:00 49.0 2940.0 3601.0 150 355 23719 0.1207 134.99 5.62 5.62 
Column C 07/15/19 7/15/19 11:00 70.0 4200.0 3671.0 153 680 24399 0.1619 100.67 4.19 4.19 
Column C 07/17/19 7/17/19 11:00 48.0 2880.0 3719.0 155 295 24694 0.1024 159.13 6.63 6.63 
Column C 07/19/19 7/19/19 13:00 50.0 3000.0 3769.0 157 290 24984 0.0967 168.62 7.03 7.03 
Column C 07/22/19 7/22/19 12:30 71.5 4290.0 3840.5 160 204 25188 0.0476 342.77 14.28 14.28 
Column C 07/26/19 7/26/19 11:00 94.5 5670.0 3935.0 164 106 25294 0.0187 871.87 36.33   
Column C 08/02/19 8/2/19 12:00 169.0 10140.0 4104.0 171 97 25391 0.0096 1703.89 71.00   
Column C 08/12/19 8/12/19 14:00 242.0 14520.0 4346.0 181 69 25460 0.0048 3430.00 142.92   
Column C 08/19/19 8/19/19 13:00 167.0 10020.0 4513.0 188 56 25516 0.0056 2916.46 121.52   
Column C 08/21/19 8/21/19 11:00 46.0 2760.0 4559.0 190 50 25566 0.0181 899.74 37.49   



























RECIRCULATION 2/12/19 12:00 0.0 0.0 0.0 0.0 0 0 0  0 0 0 
Column C 08/26/19 8/26/19 9:00 72.0 4320.0 4677.0 195 416 26062 0.0963 169.26 7.05 7.05 
Column C 08/28/19 8/28/19 8:00 47.0 2820.0 4724.0 197 680 26742 0.2411 67.60 2.82 2.82 
Column C 08/30/19  8/30/19 11:00 51.0 3060.0 4775.0 199 490 27232 0.1601 101.79 4.24 4.24 
Column C 09/02/19 9/2/19 10:30 71.5 4290.0 4846.5 202 200 27432 0.0466 349.63 14.57 14.57 
Column C 09/04/19 9/4/19 7:30 45.0 2700.0 4891.5 204 89 27521 0.0330 494.48 20.60 20.60 
Column C 09/06/19 9/6/19 8:00 48.5 2910.0 4940.0 206 82 27603 0.0282 578.44 24.10 24.10 
Column C 09/09/19 9/9/19 8:30 72.5 4350.0 5012.5 209 98 27701 0.0225 723.50 30.15 30.15 
Column C 09/11/19 9/11/19 10:30 50.0 3000.0 5062.5 211 43 27744 0.0143 1137.18 47.38   
Column C 09/13/19 9/13/19 10:45 48.2 2895.0 5110.7 213 85 27829 0.0294 555.14 23.13 23.13 
Column C 09/16/19 9/16/19 10:40 71.9 4315.0 5182.7 216 74 27903 0.0171 950.44 39.60 39.60 



























RECIRCULATION 2/12/19 12:00 0.0 0.0 0.0 0.0 0 0 0  0 0 0 
Column C 09/21/19 9/21/19 10:00 49.5 2970.0 5302.0 221 74 28017 0.0249 654.19 27.26 27.26 
Column C 09/23/19 9/23/19 8:00 46.0 2760.0 5348.0 223 68 28085 0.0246 661.57 27.57 27.57 
Column C 09/25/19 9/25/19 10:30 50.5 3030.0 5398.5 225 80 28165 0.0264 617.35 25.72 25.72 
Column C 09/27/19 9/27/19 10:00 47.5 2850.0 5446.0 227 108 28273 0.0379 430.13 17.92 17.92 
Column C 09/30/19 9/30/19 13:00 75.0 4500.0 5521.0 230 166 28439 0.0369 441.86 18.41 18.41 
Column C 10/02/19 10/2/19 13:30 48.5 2910.0 5569.5 232 122 28561 0.0419 388.78 16.20 16.20 
Column C 10/05/19 10/5/19 10:00 68.5 4110.0 5638.0 235 82 28643 0.0200 816.97 34.04   
Column C 10/07/19 10/7/19 14:30 52.5 3150.0 5690.5 237 675 29318 0.2143 76.06 3.17 3.17 
Column C 10/09/19 10/9/19 13:40 47.2 2830.0 5737.7 239 750 30068 0.2650 61.50 2.56 2.56 
Column C 10/12/19  10/12/19 3:30 61.8 3710.0 5799.5 242 315 30383 0.0849 191.97 8.00 8.00 



























RECIRCULATION 2/12/19 12:00 0.0 0.0 0.0 0.0 0 0 0  0 0 0 
Column C 10/16/19 10/16/19 15:00 47.3 2840.0 5907.0 246 32 30623 0.0113 1446.59 60.27   
Column C 10/18/19  10/18/19 16:00 49.0 2940.0 5956.0 248 315 30938 0.1071 152.13 6.34 6.34 
Column C 10/21/19 10/21/19 8:00 64.0 3840.0 6020.0 251 1265 32203 0.3294 49.48 2.06 2.06 
Column C 10/23/19 10/23/19 8:20 48.3 2900.0 6068.3 253 2057 34260 0.7093 22.98 0.96 0.96 
Column C 10/25/19 10/25/19 8:30 48.2 2890.0 6116.5 255 955 35215 0.3304 49.33 2.06 2.06 
Column C 10/28/19 10/28/19 8:10 71.7 4300.0 6188.2 258 1142 36357 0.2656 61.37 2.56 2.56 
Column C 10/30/19 10/30/19 10:30 50.3 3020.0 6238.5 260 805 37162 0.2666 61.15 2.55 2.55 
Column C 11/01/19 11/1/19 8:15 45.8 2745.0 6284.3 262 370 37532 0.1348 120.93 5.04 5.04 
Column C 11/04/19 11/4/19 7:45 71.5 4290.0 6355.7 265 425 37957 0.0991 164.53 6.86 6.86 
Column C 11/06/19 11/6/19 10:40 50.9 3055.0 6406.7 267 160 38117 0.0524 311.22 12.97 12.97 



























RECIRCULATION 2/12/19 12:00 0.0 0.0 0.0 0.0 0 0 0  0 0 0 
Column C 11/11/19 11/11/19 8:00 71.0 4260.0 6524.0 272 380 38817 0.0892 182.73 7.61 7.61 
Column C 11/13/19 11/13/19 14:30 54.5 3270.0 6578.5 274 208 39025 0.0636 256.25 10.68 10.68 
Column C 11/15/19 11/15/19 9:25 42.9 2575.0 6621.4 276 268 39293 0.1041 156.61 6.53 6.53 
Column C 11/18/19 11/18/19 9:30 72.1 4325.0 6693.5 279 551 39844 0.1274 127.94 5.33 5.33 
Column C 11/20/19 11/20/19 8:30 47.0 2820.0 6740.5 281 187 40031 0.0663 245.80 10.24 10.24 
Column C 11/22/19 11/22/19 8:15 47.8 2865.0 6788.3 283 323 40354 0.1127 144.58 6.02 6.02 
Column C 11/26/19 11/26/19 8:18 96.0 5763.0 6884.3 287 764 41118 0.1326 122.95 5.12 5.12 
Column C 11/28/19 11/28/19 14:02 53.7 3224.0 6938.0 289 1186 42304 0.3679 44.31 1.85 1.85 
Column C 11/30/19 11/30/19 10:30 44.5 2668.0 6982.5 291 560 42864 0.2099 77.66 3.24 3.24 
Column C 12/02/19 12/2/19 9:36 47.1 2826.0 7029.6 293 460 43324 0.1628 100.14 4.17 4.17 



























RECIRCULATION 2/12/19 12:00 0.0 0.0 0.0 0.0 0 0 0  0 0 0 
Column C 12/06/19 12/6/19 11:30 49.0 2940.0 7127.5 297 495 44319 0.1684 96.81 4.03 4.03 
Column C 12/09/19 12/9/19 8:30 69.0 4140.0 7196.5 300 480 44799 0.1159 140.58 5.86 5.86 
Column C 12/11/19 12/11/19 8:00 47.5 2850.0 7244.0 302 450 45249 0.1579 103.23 4.30 4.30 
Column C 12/13/19 12/13/19 11:00 51.0 3060.0 7295.0 304 86 45335 0.0281 579.96 24.17 24.17 
Column C 12/16/19 12/16/19 14:01 75.0 4501.0 7370.0 307 275 45610 0.0611 266.78 11.12 11.12 
Column C 12/18/19 12/18/19 10:21 44.3 2660.0 7414.4 309 355 45965 0.1335 122.13 5.09 5.09 
Column C 12/20/19 12/20/19 9:46 47.4 2845.0 7461.8 311 135 46100 0.0475 343.50 14.31 14.31 
Column C 12/23/19 12/23/2019 9:52 72.1 4326.0 7533.9 314 362 46462 0.0837 194.78 8.12 8.12 
Column C 12/25/19 12/25/19 10:30 48.6 2918.0 7582.5 316 122 46584 0.0418 389.85 16.24 16.24 
Column C 12/27/19 12/27/19 8:32 46.0 2762.0 7628.5 318 170 46754 0.0615 264.82 11.03 11.03 



























RECIRCULATION 2/12/19 12:00 0.0 0.0 0.0 0.0 0 0 0  0 0 0 
Column C 01/01/20 1/1/20 12:48 49.9 2996.0 7752.8 323 79 47097 0.0264 618.15 25.76 25.76 
Column C 01/03/20 1/3/20 15:56 51.1 3068.0 7803.9 325 152 47249 0.0495 328.99 13.71 13.71 
Column C 01/06/20 1/6/20 15:34 71.6 4298.0 7875.6 328 305 47554 0.0710 229.69 9.57 9.57 
Column C 01/10/20 1/10/20 9:07 89.6 5373.0 7965.1 332 60 47614 0.0112 1459.63 60.82   
Column C 01/17/20 1/17/20 13:00 171.9 10313.0 8137.0 339 260 47874 0.0252 646.53 26.94 26.94 
Column C 01/20/20 1/20/20 11:00 70.0 4200.0 8207.0 342 305 48179 0.0726 224.45 9.35 9.35 
Column C 01/22/20 1/22/20 11:00 48.0 2880.0 8255.0 344 251 48430 0.0872 187.02 7.79 7.79 
Column C 01/24/20 1/24/20 11:00 48.0 2880.0 8303.0 346 1400 49830 0.4861 33.53 1.40 1.40 
Column C 01/27/20 1/27/20 14:00 75.0 4500.0 8378.0 349 1970 51800 0.4378 37.23 1.55 1.55 
Column C 01/31/20 1/31/2020 8:40 90.7 5440.0 8468.7 353 920 52720 0.1691 96.38 4.02 4.02 



























RECIRCULATION 2/12/19 12:00 0.0 0.0 0.0 0.0 0 0 0  0 0 0 
Column C 02/07/20 2/7/20 8:20 64.7 3885.0 8636.3 360 436 53254 0.1122 145.24 6.05 6.05 
Column C 02/11/20 2/11/2020 14:00 101.7 6100.0 8738.0 364 558 53812 0.0915 178.19 7.42 7.42 
Column C 02/14/20 2/14/2020 11:10 69.2 4150.0 8807.2 367 298 54110 0.0718 226.99 9.46 9.46 
Column C 02/18/20 2/18/20 15:12 100.0 6002.0 8907.2 371 166 54276 0.0277 589.34 24.56   
Column C 02/21/20 2/21/20 11:00 67.8 4068.0 8975.0 374 700 54976 0.1721 94.72 3.95 3.95 
Column C 02/25/20 2/25/20 14:00 99.0 5940.0 9074.0 378 216 55192 0.0364 448.24 18.68 18.68 




























Chromium (VI) pH COD Chloride 










RECIRCULATION 2/12/19 12:00                       
Test Started  3/9/19 13:10                       
Column C 03/11/19 3/11/19 13:08 3.93 1.96 1.31 0.98 1 0.02 0.02 7.5 399 2100   
Column C 03/13/19 3/13/19 10:23 8.26 4.13 2.75 2.06 1 0.00 0.00 7.7   1980   
Column C 03/15/19 3/15/19 14:30 11.58 5.79 3.86 2.89 1 0.00 0.00 7.7 461 2330   
Column C 03/19/19 3/19/19 12:30 17.81 8.91 5.94 4.45 1 0.00 0.00 7.7 429 2260   
Column C 03/23/19 3/23/19 12:00 20.97 10.49 6.99 5.24 1 0.02 0.02 7.4 393 2470   
Column C 03/25/19 3/25/19 12:10 22.29 11.15 7.43 5.57 1 0.02 0.02 7.6 416 2530   
Column C 03/27/19 3/27/19 12:30 35.25 17.62 11.75 8.81 1 0.00 0.00 7.1 405 2260   





















Chromium (VI) pH COD Chloride 










RECIRCULATION 2/12/19 12:00                       
Column C 04/02/19 4/2/19 17:30 38.71 19.36 12.90 9.68 1 0 0.00 7.5 396 2510   
Column C 04/04/19 4/4/19 11:10 39.64 19.82 13.21 9.91 1 0 0.00 7.5   2580   
Column C 04/06/19 4/6/19 11:10 40.79 20.40 13.60 10.20 1 0 0.00 7.7 411 2610   
Column C 04/09/19 4/9/19 14:14 42.98 21.49 14.33 10.74 1 0 0.00 7.8 218 1810   
Column C 04/11/19 4/11/19 18:15 43.72 21.86 14.57 10.93 1 0 0.00 7.7 376 1860 1700 
Column C 04/19/19 4/19/19 10:32 45.68 22.84 15.23 11.42 1 0 0.00 7.6 257     
Column C 04/21/19 4/21/19 18:30 46.31 23.15 15.44 11.58 1 0 0.00 7.7 230     
Column C 04/28/19 4/28/19 16:46 47.98 23.99 15.99 11.99 1 0 0.00 7.7       
Column C 05/02/19 5/2/19 14:37 49.64 24.82 16.55 12.41 1 0 0.01 7.8   2880   





















Chromium (VI) pH COD Chloride 










RECIRCULATION 2/12/19 12:00                       
Column C 05/09/19 5/9/19 18:00 52.40 26.20 17.47 13.10 1 0 0.00 7.7       
Column C 05/17/19 5/17/19 20:51 61.96 30.98 20.65 15.49 1 0 0.00 7.2       
Column C 05/21/19 5/21/19 11:00 66.29 33.15 22.10 16.57 1 0 0.01 6.8 133     
Column C 05/24/19 5/24/19 11:00 71.23 35.62 23.74 17.81 1 0 0.04 6.8 209 1800   
Column C 05/27/19 5/27/19 9:30 74.32 37.16 24.77 18.58 1 0 0.00 7.5 164 2130   
Column C 05/29/19 5/29/19 11:30 76.19 38.09 25.40 19.05 1 0 0.03 7.6 223     
Column C 05/31/19 5/31/19 10:00 78.70 39.35 26.23 19.67 1 0 0.00 8.1       
Column C 06/03/19 6/3/19 11:00 88.82 44.41 29.61 22.20 1 0 0.00 7.1 1834 1040   
Column C 06/05/19 6/5/19 11:00 99.75 49.87 33.25 24.94 1 0 0.00 7.3       





















Chromium (VI) pH COD Chloride 










RECIRCULATION 2/12/19 12:00                       
Column C 06/10/19 6/10/19 12:00 110.76 55.38 36.92 27.69 1 0 0.00 6.9   279   
Column C 06/12/19 6/12/19 11:00 123.80 61.90 41.27 30.95 1 0 0.00 7       
Column C 06/14/19 6/14/19 13:00 134.16 67.08 44.72 33.54 1 0 0.00 7 1250     
Column C 06/17/19 6/17/19 12:00 143.88 71.94 47.96 35.97 1 0 0.03 6.9       
Column C 06/19/19 6/19/19 11:00 150.60 75.30 50.20 37.65 1 0 0.00 7 2720     
Column C 06/21/19 6/21/19 12:30 157.40 78.70 52.47 39.35 1 0 0.00 7.2   249 230 
Column C 06/24/19 6/24/19 13:00 165.82 82.91 55.27 41.46 1 0 0.00 7.1   303   
Column C 06/26/19 6/26/19 12:00 170.19 85.10 56.73 42.55 1 0 0.00 7 2330     
Column C 06/28/19 6/28/19 12:00 173.51 86.76 57.84 43.38 1 0 0.00 7.2       





















Chromium (VI) pH COD Chloride 










RECIRCULATION 2/12/19 12:00                       
Column C 07/03/19 7/3/19 8:30 179.34 89.67 59.78 44.84 1 0 0.00 7.4 2425     
Column C 07/05/19 7/5/19 10:20 181.89 90.95 60.63 45.47 1 0 0.00 7.6       
Column C 07/08/19 7/8/19 12:30 185.46 92.73 61.82 46.36 1 0 0.00 7.7       
Column C 07/10/19 7/10/19 12:00 189.18 94.59 63.06 47.30 1 0 0.00 7.5 2100 381   
Column C 07/12/19 7/12/19 13:00 192.06 96.03 64.02 48.01 1 0 0.00 7.3       
Column C 07/15/19 7/15/19 11:00 197.56 98.78 65.85 49.39 1 0 0.00 7.5       
Column C 07/17/19 7/17/19 11:00 199.95 99.98 66.65 49.99 1 0 0.00 7.7 1095     
Column C 07/19/19 7/19/19 13:00 202.30 101.15 67.43 50.57 1 0 0.00 7.5     220 
Column C 07/22/19 7/22/19 12:30 203.95 101.98 67.98 50.99 1 0 0.04 7.5   272   





















Chromium (VI) pH COD Chloride 










RECIRCULATION 2/12/19 12:00                       
Column C 08/02/19 8/2/19 12:00 205.60 102.80 68.53 51.40 1 0 0.00 7.6       
Column C 08/12/19 8/12/19 14:00 206.15 103.08 68.72 51.54 1 0 0.12 8.5       
Column C 08/19/19 8/19/19 13:00 206.61 103.30 68.87 51.65 1 0 0.00 8.6   250   
Column C 08/21/19 8/21/19 11:00 207.01 103.51 69.00 51.75 1 0 0.00 8.1 1395 249   
Column C 08/23/19 8/23/19 9:00 207.66 103.83 69.22 51.91 1 0 0.00 8.0 1195     
Column C 08/26/19 8/26/19 9:00 211.03 105.51 70.34 52.76 1 0 0.00 7.9   253 213 
Column C 08/28/19 8/28/19 8:00 216.53 108.27 72.18 54.13 1 0 0.00 7.9 200     
Column C 08/30/19  8/30/19 11:00 220.50 110.25 73.50 55.13 1 0 0.00 7.6       
Column C 09/02/19 9/2/19 10:30 222.12 111.06 74.04 55.53 1 0 0.00 8 484 295   





















Chromium (VI) pH COD Chloride 










RECIRCULATION 2/12/19 12:00                       
Column C 09/06/19 9/6/19 8:00 223.51 111.75 74.50 55.88 1 0 0.10 8.3   356   
Column C 09/09/19 9/9/19 8:30 224.30 112.15 74.77 56.07 1 0 0.00 8.1 140 647 280 
Column C 09/11/19 9/11/19 10:30 224.65 112.32 74.88 56.16 1 0 0.02 8.1       
Column C 09/13/19 9/13/19 10:45 225.34 112.67 75.11 56.33 1 0 0.00 8.1   343   
Column C 09/16/19 9/16/19 10:40 225.94 112.97 75.31 56.48 1 0 0.00 8.4 155     
Column C 09/19/19 9/19/19 8:30 226.26 113.13 75.42 56.56 1 0 0.00 8.1       
Column C 09/21/19 9/21/19 10:00 226.86 113.43 75.62 56.71 1 0 0.02 8   459   
Column C 09/23/19 9/23/19 8:00 227.41 113.70 75.80 56.85 1 0 0.00 8.4       
Column C 09/25/19 9/25/19 10:30 228.06 114.03 76.02 57.01 1 0 0.00 8.4 210     





















Chromium (VI) pH COD Chloride 










RECIRCULATION 2/12/19 12:00                       
Column C 09/30/19 9/30/19 13:00 230.28 115.14 76.76 57.57 1 0 0.00 8.3 220     
Column C 10/02/19 10/2/19 13:30 231.26 115.63 77.09 57.82 1 0 0.00 8.3   438   
Column C 10/05/19 10/5/19 10:00 231.93 115.96 77.31 57.98 1 0 0.00 8.1       
Column C 10/07/19 10/7/19 14:30 237.39 118.70 79.13 59.35 1 0 0.03 7.1 648     
Column C 10/09/19 10/9/19 13:40 243.47 121.73 81.16 60.87 1 0 0.00 7.3       
Column C 10/12/19  10/12/19 3:30 246.02 123.01 82.01 61.50 1 0 0.03 7.4       
Column C 10/14/19 10/14/19 15:40 247.70 123.85 82.57 61.93 1 0 0.40 8.4 606     
Column C 10/16/19 10/16/19 15:00 247.96 123.98 82.65 61.99 1 0 0.24 8.6       
Column C 10/18/19  10/18/19 16:00 250.51 125.26 83.50 62.63 1 0 0.00 7.9   684 490 





















Chromium (VI) pH COD Chloride 










RECIRCULATION 2/12/19 12:00                       
Column C 10/23/19 10/23/19 8:20 277.41 138.70 92.47 69.35 1 0 0.00 6.2       
Column C 10/25/19 10/25/19 8:30 285.14 142.57 95.05 71.29 1 0 0.00 6.1       
Column C 10/28/19 10/28/19 8:10 294.39 147.19 98.13 73.60 1 0 0.00 7.2 1810     
Column C 10/30/19 10/30/19 10:30 300.91 150.45 100.30 75.23 1 0 0.00 6.3       
Column C 11/01/19 11/1/19 8:15 303.90 151.95 101.30 75.98 1 0 0.01 7.8   644   
Column C 11/04/19 11/4/19 7:45 307.34 153.67 102.45 76.84 1 0 0.00 8 550     
Column C 11/06/19 11/6/19 10:40 308.64 154.32 102.88 77.16 1 0 0.00 8       
Column C 11/08/19 11/8/19 9:00 311.23 155.62 103.74 77.81 1 0 0.00 8       
Column C 11/11/19 11/11/19 8:00 314.31 157.15 104.77 78.58 1 0 0.00 7.7 774     





















Chromium (VI) pH COD Chloride 










RECIRCULATION 2/12/19 12:00                       
Column C 11/15/19 11/15/19 9:25 318.16 159.08 106.05 79.54 1 0 0.00 7.5       
Column C 11/18/19 11/18/19 9:30 322.62 161.31 107.54 80.66 1 0 0.00 7.4 792 691   
Column C 11/20/19 11/20/19 8:30 324.14 162.07 108.05 81.03 1 0 0.00 6.9       
Column C 11/22/19 11/22/19 8:15 326.75 163.38 108.92 81.69 1 0 0.03 7.5       
Column C 11/26/19 11/26/19 8:18 332.94 166.47 110.98 83.23 1 0 0.00 7.2 474.5 1230   
Column C 11/28/19 11/28/19 14:02 342.54 171.27 114.18 85.64 1 0 0.00 6.9       
Column C 11/30/19 11/30/19 10:30 347.08 173.54 115.69 86.77 1 0 0.00 7.3       
Column C 12/02/19 12/2/19 9:36 350.80 175.40 116.93 87.70 1 0 0.00 7.8 232 1540   
Column C 12/04/19 12/4/19 10:30 354.85 177.43 118.28 88.71 1 0 0.00 7.3       





















Chromium (VI) pH COD Chloride 










RECIRCULATION 2/12/19 12:00                       
Column C 12/09/19 12/9/19 8:30 362.74 181.37 120.91 90.69 1 0 0.00 7.5 168 1855   
Column C 12/11/19 12/11/19 8:00 366.39 183.19 122.13 91.60 1 0 0.00 7.1       
Column C 12/13/19 12/13/19 11:00 367.09 183.54 122.36 91.77 1 0 0.00 7.9       
Column C 12/16/19 12/16/19 14:01 369.31 184.66 123.10 92.33 1 0 0.00 7.2 279 1980   
Column C 12/18/19 12/18/19 10:21 372.19 186.09 124.06 93.05 1 0 0.02 7.1       
Column C 12/20/19 12/20/19 9:46 373.28 186.64 124.43 93.32 1 0 0.00 7.0       
Column C 12/23/19 12/23/2019 9:52 376.21 188.11 125.40 94.05 1 0 0.00 7.3 264 2500   
Column C 12/25/19 12/25/19 10:30 377.20 188.60 125.73 94.30 1 0 0.00 6.6       
Column C 12/27/19 12/27/19 8:32 378.57 189.29 126.19 94.64 1 0 0.00 7.3       





















Chromium (VI) pH COD Chloride 










RECIRCULATION 2/12/19 12:00                       
Column C 01/01/20 1/1/20 12:48 381.35 190.68 127.12 95.34 1 0 0.00 7.7       
Column C 01/03/20 1/3/20 15:56 382.58 191.29 127.53 95.65 1 0 0.00 7.3       
Column C 01/06/20 1/6/20 15:34 385.05 192.53 128.35 96.26 1 0 0.00 7.4   3070   
Column C 01/10/20 1/10/20 9:07 385.54 192.77 128.51 96.38 1 0 0.00 7.8 200     
Column C 01/17/20 1/17/20 13:00 387.64 193.82 129.21 96.91 1 0 0.00 7.3 423     
Column C 01/20/20 1/20/20 11:00 390.11 195.06 130.04 97.53 1 0 0.00 6.5   3450   
Column C 01/22/20 1/22/20 11:00 392.15 196.07 130.72 98.04 1 0 0.01 6.6 489     
Column C 01/24/20 1/24/20 11:00 403.48 201.74 134.49 100.87 1 0 0.00 6.1       
Column C 01/27/20 1/27/20 14:00 419.43 209.72 139.81 104.86 1 0 0.00 6 297.5 3510   





















Chromium (VI) pH COD Chloride 










RECIRCULATION 2/12/19 12:00                       
Column C 02/04/20 2/4/20 15:35 427.68 213.84 142.56 106.92 1 0 0.00 7.5 243 3740   
Column C 02/07/20 2/7/20 8:20 431.21 215.60 143.74 107.80 1 0 0.00 8.1   3940   
Column C 02/11/20 2/11/2020 14:00 435.72 217.86 145.24 108.93 1 0 0.02 6.8 251     
Column C 02/14/20 2/14/2020 11:10 438.14 219.07 146.05 109.53 1 0 0.00 6.7   3160   
Column C 02/18/20 2/18/20 15:12 439.48 219.74 146.49 109.87 1 0 0.00 7.6 240     
Column C 02/21/20 2/21/20 11:00 445.15 222.57 148.38 111.29 1 0 0.04 7.5   2910   
Column C 02/25/20 2/25/20 14:00 446.90 223.45 148.97 111.72 1 0 0.01 7.6   3010   








Sample ID  Date/ Time 



















RECIRCULATION 2/12/19 12:00                                 
Test Started  3/9/19 13:10                                 
Column C 03/11/19 3/11/19 13:08 10 0.002   0       51       280     < 0.884 
Column C 03/13/19 3/13/19 10:23 10 0.004   0                     < 0.884 
Column C 03/15/19 3/15/19 14:30 10 0.009   0.1                     < 0.884 
Column C 03/19/19 3/19/19 12:30 10 0.013   0.1                     < 0.884 
Column C 03/23/19 3/23/19 12:00 10 0.013   0.1                     < 0.884 
Column C 03/25/19 3/25/19 12:10 10 0.014   0.1                     < 0.884 
Column C 03/27/19 3/27/19 12:30 10 0.035   0.4       2000       660     < 0.884 




Sample ID  Date/ Time 



















RECIRCULATION 2/12/19 12:00                                 
Column C 04/02/19 4/2/19 17:30 10 0.014   0.1                     < 0.884 
Column C 04/04/19 4/4/19 11:10 10 0.017   0.2                     < 0.884 
Column C 04/06/19 4/6/19 11:10 10 0.019   0.2                     < 0.884 
Column C 04/09/19 4/9/19 14:14 10 0.012   0.1                     < 0.884 
Column C 04/11/19 4/11/19 18:15 10 0.019   0.2       1400       870     < 0.884 
Column C 04/19/19 4/19/19 10:32                                 
Column C 04/21/19 4/21/19 18:30               1200       560         
Column C 04/28/19 4/28/19 16:46       0.2                     < 0.884 
Column C 05/02/19 5/2/19 14:37       0.2                     < 0.884 




Sample ID  Date/ Time 



















RECIRCULATION 2/12/19 12:00                                 
Column C 05/09/19 5/9/19 18:00     < 0                     < 0.884 
Column C 05/17/19 5/17/19 20:51                             < 0.884 
Column C 05/21/19 5/21/19 11:00       0.3                     < 0.884 
Column C 05/24/19 5/24/19 11:00       0.7                     < 0.884 
Column C 05/27/19 5/27/19 9:30                                 
Column C 05/29/19 5/29/19 11:30     < 0                     < 0.884 
Column C 05/31/19 5/31/19 10:00               1500       420         
Column C 06/03/19 6/3/19 11:00                             < 0.884 
Column C 06/05/19 6/5/19 11:00       0.7                         




Sample ID  Date/ Time 



















RECIRCULATION 2/12/19 12:00                                 
Column C 06/10/19 6/10/19 12:00     < 0                         
Column C 06/12/19 6/12/19 11:00                                 
Column C 06/14/19 6/14/19 13:00                                 
Column C 06/17/19 6/17/19 12:00           0.252 < 0.2     < 0.05     < 0.884 
Column C 06/19/19 6/19/19 11:00                                 
Column C 06/21/19 6/21/19 12:30           0.243 < 0.2     < 0.05     < 0.884 
Column C 06/24/19 6/24/19 13:00                     < 0.05     < 0.884 
Column C 06/26/19 6/26/19 12:00           0.2 < 0.2     < 0.05         
Column C 06/28/19 6/28/19 12:00                                 




Sample ID  Date/ Time 



















RECIRCULATION 2/12/19 12:00                                 
Column C 07/03/19 7/3/19 8:30                                 
Column C 07/05/19 7/5/19 10:20                                 
Column C 07/08/19 7/8/19 12:30           2.925 < 0.2     < 0.05     < 0.884 
Column C 07/10/19 7/10/19 12:00                                 
Column C 07/12/19 7/12/19 13:00           0.05 < 0.2     < 0.05         
Column C 07/15/19 7/15/19 11:00                     <  0.05     < 0.884 
Column C 07/17/19 7/17/19 11:00             < 0.2     < 0.05         
Column C 07/19/19 7/19/19 13:00                                 
Column C 07/22/19 7/22/19 12:30                             < 0.884 




Sample ID  Date/ Time 



















RECIRCULATION 2/12/19 12:00                                 
Column C 08/02/19 8/2/19 12:00           0.376 < 0.2     < 0.05         
Column C 08/12/19 8/12/19 14:00           0.05   0.51     < 0.05         
Column C 08/19/19 8/19/19 13:00       0.1   0.05 < 0.2             < 0.884 
Column C 08/21/19 8/21/19 11:00       0.2             < 0.05     < 0.884 
Column C 08/23/19 8/23/19 9:00           0.05   0.32       0.08         
Column C 08/26/19 8/26/19 9:00       0.1                     < 0.884 
Column C 08/28/19 8/28/19 8:00           0.05   0.5       0.17         
Column C 08/30/19  8/30/19 11:00                                 
Column C 09/02/19 9/2/19 10:30       0.1   0.05 < 0.1 < 0.05 < 0.05     < 0.884 




Sample ID  Date/ Time 



















RECIRCULATION 2/12/19 12:00                                 
Column C 09/06/19 9/6/19 8:00       0.1                     < 0.884 
Column C 09/09/19 9/9/19 8:30           0.05   0.29 < 0.05 < 0.05         
Column C 09/11/19 9/11/19 10:30                                 
Column C 09/13/19 9/13/19 10:45       0.1                     < 0.884 
Column C 09/16/19 9/16/19 10:40           0.05   0.59     < 0.05         
Column C 09/19/19 9/19/19 8:30             < 0.1     < 0.05         
Column C 09/21/19 9/21/19 10:00             < 0.1     < 0.05     < 0.884 
Column C 09/23/19 9/23/19 8:00               0.38       0.092     < 0.884 
Column C 09/25/19 9/25/19 10:30                                 




Sample ID  Date/ Time 



















RECIRCULATION 2/12/19 12:00                                 
Column C 09/30/19 9/30/19 13:00             < 0.1     < 0.05     < 0.884 
Column C 10/02/19 10/2/19 13:30                                 
Column C 10/05/19 10/5/19 10:00                                 
Column C 10/07/19 10/7/19 14:30               3.6       3.3     < 0.884 
Column C 10/09/19 10/9/19 13:40                                 
Column C 10/12/19  10/12/19 3:30                                 
Column C 10/14/19 10/14/19 15:40             < 0.1     < 0.05     < 0.884 
Column C 10/16/19 10/16/19 15:00                                 
Column C 10/18/19  10/18/19 16:00               0.17     < 0.05     < 0.884 




Sample ID  Date/ Time 



















RECIRCULATION 2/12/19 12:00                                 
Column C 10/23/19 10/23/19 8:20           35.5   32   12.498   15 < 0.05 < 0.884 
Column C 10/25/19 10/25/19 8:30                                 
Column C 10/28/19 10/28/19 8:10                                 
Column C 10/30/19 10/30/19 10:30           25.94   24   6.242   9.4 < 0.05 < 0.884 
Column C 11/01/19 11/1/19 8:15                                 
Column C 11/04/19 11/4/19 7:45           0.841   1.2   18.623   22 < 0.05 < 0.884 
Column C 11/06/19 11/6/19 10:40                                 
Column C 11/08/19 11/8/19 9:00                                 
Column C 11/11/19 11/11/19 8:00           12.3   0.1 < 0.05   0.063   16 < 0.884 




Sample ID  Date/ Time 



















RECIRCULATION 2/12/19 12:00                                 
Column C 11/15/19 11/15/19 9:25                                 
Column C 11/18/19 11/18/19 9:30           12.2   12.2 < 0.05   0.05 < 0.05 < 0.884 
Column C 11/20/19 11/20/19 8:30                                 
Column C 11/22/19 11/22/19 8:15                                 
Column C 11/26/19 11/26/19 8:18         < 0.05   0.05 < 0.05   0.05   15.9 < 0.884 
Column C 11/28/19 11/28/19 14:02                                 
Column C 11/30/19 11/30/19 10:30                                 
Column C 12/02/19 12/2/19 9:36           275.7   270   140.7   140   16 < 0.884 
Column C 12/04/19 12/4/19 10:30                                 




Sample ID  Date/ Time 



















RECIRCULATION 2/12/19 12:00                                 
Column C 12/09/19 12/9/19 8:30           477.6   270   401.9   250   16.2 < 0.884 
Column C 12/11/19 12/11/19 8:00                                 
Column C 12/13/19 12/13/19 11:00                                 
Column C 12/16/19 12/16/19 14:01              4.4      15 < 0.05 < 0.884 
Column C 12/18/19 12/18/19 10:21                                 
Column C 12/20/19 12/20/19 9:46                                 
Column C 12/23/19 12/23/2019 9:52           1514   1514.178   402.32   402.32 < 0.05   11.4 
Column C 12/25/19 12/25/19 10:30                                 
Column C 12/27/19 12/27/19 8:32                                 




Sample ID  Date/ Time 



















RECIRCULATION 2/12/19 12:00                                 
Column C 01/01/20 1/1/20 12:48                                
Column C 01/03/20 1/3/20 15:56                                
Column C 01/06/20 1/6/20 15:34              7600   966.94   1000   21.09   73.81 
Column C 01/10/20 1/10/20 9:07                                 
Column C 01/17/20 1/17/20 13:00                                 
Column C 01/20/20 1/20/20 11:00               9300       1300       73.37 
Column C 01/22/20 1/22/20 11:00                                 
Column C 01/24/20 1/24/20 11:00                                 
Column C 01/27/20 1/27/20 14:00               13000       1500       70.28 




Sample ID  Date/ Time 



















RECIRCULATION 2/12/19 12:00                                 
Column C 02/04/20 2/4/20 15:35               11000       1300       72.05 
Column C 02/07/20 2/7/20 8:20               10000       1200       57.02 
Column C 02/11/20 2/11/2020 14:00                                 
Column C 02/14/20 2/14/2020 11:10               7200       1000       32.27 
Column C 02/18/20 2/18/20 15:12                                 
Column C 02/21/20 2/21/20 11:00                               35.8 
Column C 02/25/20 2/25/20 14:00               6700       930       46.41 







Sample ID  Date/ Time 





as PO4 (mg/L) as P (mg/L) Results (mg/L) 
RECIRCULATION 2/12/19 12:00           
Test Started  3/9/19 13:10           
Column C 03/11/19 3/11/19 13:08           
Column C 03/13/19 3/13/19 10:23           
Column C 03/15/19 3/15/19 14:30           
Column C 03/19/19 3/19/19 12:30   400 16.25 5.30 246 
Column C 03/23/19 3/23/19 12:00   270 3.00 0.98 296 
Column C 03/25/19 3/25/19 12:10           
Column C 03/27/19 3/27/19 12:30           




Sample ID  Date/ Time 





as PO4 (mg/L) as P (mg/L) Results (mg/L) 
RECIRCULATION 2/12/19 12:00           
Column C 04/02/19 4/2/19 17:30           
Column C 04/04/19 4/4/19 11:10   370 112 36.51   
Column C 04/06/19 4/6/19 11:10           
Column C 04/09/19 4/9/19 14:14           
Column C 04/11/19 4/11/19 18:15   285 23.9 7.79 100 
Column C 04/19/19 4/19/19 10:32           
Column C 04/21/19 4/21/19 18:30     11 3.59   
Column C 04/28/19 4/28/19 16:46 492.5 492.5       
Column C 05/02/19 5/2/19 14:37 429.4 430 29.6 9.65 168 




Sample ID  Date/ Time 





as PO4 (mg/L) as P (mg/L) Results (mg/L) 
RECIRCULATION 2/12/19 12:00           
Column C 05/09/19 5/9/19 18:00           
Column C 05/17/19 5/17/19 20:51           
Column C 05/21/19 5/21/19 11:00 291.3 291.3       
Column C 05/24/19 5/24/19 11:00 372.4 280 22.8 7.43 62 
Column C 05/27/19 5/27/19 9:30 428.0 428.0       
Column C 05/29/19 5/29/19 11:30         60 
Column C 05/31/19 5/31/19 10:00           
Column C 06/03/19 6/3/19 11:00   550 0.08 0.03   
Column C 06/05/19 6/5/19 11:00 414.4 420 35.3 11.51 56 




Sample ID  Date/ Time 





as PO4 (mg/L) as P (mg/L) Results (mg/L) 
RECIRCULATION 2/12/19 12:00           
Column C 06/10/19 6/10/19 12:00           
Column C 06/12/19 6/12/19 11:00           
Column C 06/14/19 6/14/19 13:00         56 
Column C 06/17/19 6/17/19 12:00   520       
Column C 06/19/19 6/19/19 11:00         65 
Column C 06/21/19 6/21/19 12:30     59.5 19.40   
Column C 06/24/19 6/24/19 13:00 226 226       
Column C 06/26/19 6/26/19 12:00   140 74 24.12 69 
Column C 06/28/19 6/28/19 12:00           




Sample ID  Date/ Time 





as PO4 (mg/L) as P (mg/L) Results (mg/L) 
RECIRCULATION 2/12/19 12:00           
Column C 07/03/19 7/3/19 8:30         80 
Column C 07/05/19 7/5/19 10:20     59 19.23   
Column C 07/08/19 7/8/19 12:30           
Column C 07/10/19 7/10/19 12:00           
Column C 07/12/19 7/12/19 13:00   80 83 27.06 70 
Column C 07/15/19 7/15/19 11:00           
Column C 07/17/19 7/17/19 11:00         66 
Column C 07/19/19 7/19/19 13:00   0 59 19.23   
Column C 07/22/19 7/22/19 12:30     18 5.87 48 




Sample ID  Date/ Time 





as PO4 (mg/L) as P (mg/L) Results (mg/L) 
RECIRCULATION 2/12/19 12:00           
Column C 08/02/19 8/2/19 12:00           
Column C 08/12/19 8/12/19 14:00           
Column C 08/19/19 8/19/19 13:00   0 26 8.48   
Column C 08/21/19 8/21/19 11:00         98 
Column C 08/23/19 8/23/19 9:00   0       
Column C 08/26/19 8/26/19 9:00           
Column C 08/28/19 8/28/19 8:00   350 104 33.90 72 
Column C 08/30/19  8/30/19 11:00           
Column C 09/02/19 9/2/19 10:30           




Sample ID  Date/ Time 





as PO4 (mg/L) as P (mg/L) Results (mg/L) 
RECIRCULATION 2/12/19 12:00           
Column C 09/06/19 9/6/19 8:00   100 45 14.67   
Column C 09/09/19 9/9/19 8:30           
Column C 09/11/19 9/11/19 10:30         104 
Column C 09/13/19 9/13/19 10:45     32 10.43 96 
Column C 09/16/19 9/16/19 10:40           
Column C 09/19/19 9/19/19 8:30   16.5 26.5 8.64   
Column C 09/21/19 9/21/19 10:00           
Column C 09/23/19 9/23/19 8:00           
Column C 09/25/19 9/25/19 10:30         96 




Sample ID  Date/ Time 





as PO4 (mg/L) as P (mg/L) Results (mg/L) 
RECIRCULATION 2/12/19 12:00           
Column C 09/30/19 9/30/19 13:00           
Column C 10/02/19 10/2/19 13:30           
Column C 10/05/19 10/5/19 10:00   48 36 11.75 96 
Column C 10/07/19 10/7/19 14:30           
Column C 10/09/19 10/9/19 13:40           
Column C 10/12/19  10/12/19 3:30   60 77 25.13 56 
Column C 10/14/19 10/14/19 15:40           
Column C 10/16/19 10/16/19 15:00           
Column C 10/18/19  10/18/19 16:00           




Sample ID  Date/ Time 





as PO4 (mg/L) as P (mg/L) Results (mg/L) 
RECIRCULATION 2/12/19 12:00           
Column C 10/23/19 10/23/19 8:20           
Column C 10/25/19 10/25/19 8:30   180 78 25.45 66 
Column C 10/28/19 10/28/19 8:10           
Column C 10/30/19 10/30/19 10:30           
Column C 11/01/19 11/1/19 8:15   71 62 20.23 33 
Column C 11/04/19 11/4/19 7:45           
Column C 11/06/19 11/6/19 10:40   67 66 21.54 77 
Column C 11/08/19 11/8/19 9:00           
Column C 11/11/19 11/11/19 8:00           




Sample ID  Date/ Time 





as PO4 (mg/L) as P (mg/L) Results (mg/L) 
RECIRCULATION 2/12/19 12:00           
Column C 11/15/19 11/15/19 9:25   0 76 24.8 47 
Column C 11/18/19 11/18/19 9:30           
Column C 11/20/19 11/20/19 8:30           
Column C 11/22/19 11/22/19 8:15   90 71.5 23.33 55 
Column C 11/26/19 11/26/19 8:18 810 810       
Column C 11/28/19 11/28/19 14:02           
Column C 11/30/19 11/30/19 10:30   1320 66 21.54 80 
Column C 12/02/19 12/2/19 9:36           
Column C 12/04/19 12/4/19 10:30           




Sample ID  Date/ Time 





as PO4 (mg/L) as P (mg/L) Results (mg/L) 
RECIRCULATION 2/12/19 12:00           
Column C 12/09/19 12/9/19 8:30 2051 2051       
Column C 12/11/19 12/11/19 8:00           
Column C 12/13/19 12/13/19 11:00   2240 0.19 0.06 80 
Column C 12/16/19 12/16/19 14:01           
Column C 12/18/19 12/18/19 10:21           
Column C 12/20/19 12/20/19 9:46   2040 2 0.62 102.4 
Column C 12/23/19 12/23/2019 9:52           
Column C 12/25/19 12/25/19 10:30           
Column C 12/27/19 12/27/19 8:32   1820 1.6 0.52 119.6 




Sample ID  Date/ Time 





as PO4 (mg/L) as P (mg/L) Results (mg/L) 
RECIRCULATION 2/12/19 12:00           
Column C 01/01/20 1/1/20 12:48           
Column C 01/03/20 1/3/20 15:56   1440 0   122.8 
Column C 01/06/20 1/6/20 15:34           
Column C 01/10/20 1/10/20 9:07   720 0     
Column C 01/17/20 1/17/20 13:00 1550 1550     163.6 
Column C 01/20/20 1/20/20 11:00   1280 1.25 0.41 146 
Column C 01/22/20 1/22/20 11:00           
Column C 01/24/20 1/24/20 11:00           
Column C 01/27/20 1/27/20 14:00           




Sample ID  Date/ Time 





as PO4 (mg/L) as P (mg/L) Results (mg/L) 
RECIRCULATION 2/12/19 12:00           
Column C 02/04/20 2/4/20 15:35   700 0.44 0.14 220 
Column C 02/07/20 2/7/20 8:20           
Column C 02/11/20 2/11/2020 14:00           
Column C 02/14/20 2/14/2020 11:10           
Column C 02/18/20 2/18/20 15:12   900 4.25 1.39 117 
Column C 02/21/20 2/21/20 11:00           
Column C 02/25/20 2/25/20 14:00           






Sample ID  Date/ Time 
TDS Chloroform  Formaldehyde TOC 
Results (mg/L) Results (mg/L) Results (mg/L) 
Results 
(mg/L) 
RECIRCULATION 2/12/19 12:00           
Test Started  3/9/19 13:10           
Column C 03/11/19 3/11/19 13:08           
Column C 03/13/19 3/13/19 10:23           
Column C 03/15/19 3/15/19 14:30           
Column C 03/19/19 3/19/19 12:30 6727.5         
Column C 03/23/19 3/23/19 12:00           
Column C 03/25/19 3/25/19 12:10 8305         
Column C 03/27/19 3/27/19 12:30           




Sample ID  Date/ Time 
TDS Chloroform  Formaldehyde TOC 
Results (mg/L) Results (mg/L) Results (mg/L) 
Results 
(mg/L) 
RECIRCULATION 2/12/19 12:00           
Column C 04/02/19 4/2/19 17:30           
Column C 04/04/19 4/4/19 11:10           
Column C 04/06/19 4/6/19 11:10 8235       80 
Column C 04/09/19 4/9/19 14:14           
Column C 04/11/19 4/11/19 18:15 7245         
Column C 04/19/19 4/19/19 10:32           
Column C 04/21/19 4/21/19 18:30           
Column C 04/28/19 4/28/19 16:46 7820         
Column C 05/02/19 5/2/19 14:37           




Sample ID  Date/ Time 
TDS Chloroform  Formaldehyde TOC 
Results (mg/L) Results (mg/L) Results (mg/L) 
Results 
(mg/L) 
RECIRCULATION 2/12/19 12:00           
Column C 05/09/19 5/9/19 18:00           
Column C 05/17/19 5/17/19 20:51           
Column C 05/21/19 5/21/19 11:00 5455         
Column C 05/24/19 5/24/19 11:00           
Column C 05/27/19 5/27/19 9:30           
Column C 05/29/19 5/29/19 11:30           
Column C 05/31/19 5/31/19 10:00         28 
Column C 06/03/19 6/3/19 11:00 5530         
Column C 06/05/19 6/5/19 11:00           




Sample ID  Date/ Time 
TDS Chloroform  Formaldehyde TOC 
Results (mg/L) Results (mg/L) Results (mg/L) 
Results 
(mg/L) 
RECIRCULATION 2/12/19 12:00           
Column C 06/10/19 6/10/19 12:00           
Column C 06/12/19 6/12/19 11:00           
Column C 06/14/19 6/14/19 13:00 2780         
Column C 06/17/19 6/17/19 12:00           
Column C 06/19/19 6/19/19 11:00         850 
Column C 06/21/19 6/21/19 12:30           
Column C 06/24/19 6/24/19 13:00 3140         
Column C 06/26/19 6/26/19 12:00           
Column C 06/28/19 6/28/19 12:00           




Sample ID  Date/ Time 
TDS Chloroform  Formaldehyde TOC 
Results (mg/L) Results (mg/L) Results (mg/L) 
Results 
(mg/L) 
RECIRCULATION 2/12/19 12:00           
Column C 07/03/19 7/3/19 8:30           
Column C 07/05/19 7/5/19 10:20           
Column C 07/08/19 7/8/19 12:30           
Column C 07/10/19 7/10/19 12:00 4021         
Column C 07/12/19 7/12/19 13:00         740 
Column C 07/15/19 7/15/19 11:00 2675         
Column C 07/17/19 7/17/19 11:00           
Column C 07/19/19 7/19/19 13:00 2285         
Column C 07/22/19 7/22/19 12:30           




Sample ID  Date/ Time 
TDS Chloroform  Formaldehyde TOC 
Results (mg/L) Results (mg/L) Results (mg/L) 
Results 
(mg/L) 
RECIRCULATION 2/12/19 12:00           
Column C 08/02/19 8/2/19 12:00 2110         
Column C 08/12/19 8/12/19 14:00 1930         
Column C 08/19/19 8/19/19 13:00           
Column C 08/21/19 8/21/19 11:00 2290         
Column C 08/23/19 8/23/19 9:00           
Column C 08/26/19 8/26/19 9:00 1655         
Column C 08/28/19 8/28/19 8:00         28 
Column C 08/30/19  8/30/19 11:00 1255         
Column C 09/02/19 9/2/19 10:30           




Sample ID  Date/ Time 
TDS Chloroform  Formaldehyde TOC 
Results (mg/L) Results (mg/L) Results (mg/L) 
Results 
(mg/L) 
RECIRCULATION 2/12/19 12:00           
Column C 09/06/19 9/6/19 8:00           
Column C 09/09/19 9/9/19 8:30           
Column C 09/11/19 9/11/19 10:30 1465         
Column C 09/13/19 9/13/19 10:45           
Column C 09/16/19 9/16/19 10:40 1550         
Column C 09/19/19 9/19/19 8:30           
Column C 09/21/19 9/21/19 10:00           
Column C 09/23/19 9/23/19 8:00 18993.3         
Column C 09/25/19 9/25/19 10:30           




Sample ID  Date/ Time 
TDS Chloroform  Formaldehyde TOC 
Results (mg/L) Results (mg/L) Results (mg/L) 
Results 
(mg/L) 
RECIRCULATION 2/12/19 12:00           
Column C 09/30/19 9/30/19 13:00           
Column C 10/02/19 10/2/19 13:30         59 
Column C 10/05/19 10/5/19 10:00           
Column C 10/07/19 10/7/19 14:30 1965         
Column C 10/09/19 10/9/19 13:40           
Column C 10/12/19  10/12/19 3:30           
Column C 10/14/19 10/14/19 15:40           
Column C 10/16/19 10/16/19 15:00 1867         
Column C 10/18/19  10/18/19 16:00           




Sample ID  Date/ Time 
TDS Chloroform  Formaldehyde TOC 
Results (mg/L) Results (mg/L) Results (mg/L) 
Results 
(mg/L) 
RECIRCULATION 2/12/19 12:00           
Column C 10/23/19 10/23/19 8:20           
Column C 10/25/19 10/25/19 8:30           
Column C 10/28/19 10/28/19 8:10           
Column C 10/30/19 10/30/19 10:30           
Column C 11/01/19 11/1/19 8:15         160 
Column C 11/04/19 11/4/19 7:45 1330         
Column C 11/06/19 11/6/19 10:40           
Column C 11/08/19 11/8/19 9:00           
Column C 11/11/19 11/11/19 8:00           




Sample ID  Date/ Time 
TDS Chloroform  Formaldehyde TOC 
Results (mg/L) Results (mg/L) Results (mg/L) 
Results 
(mg/L) 
RECIRCULATION 2/12/19 12:00           
Column C 11/15/19 11/15/19 9:25           
Column C 11/18/19 11/18/19 9:30           
Column C 11/20/19 11/20/19 8:30   < 0.25     
Column C 11/22/19 11/22/19 8:15           
Column C 11/26/19 11/26/19 8:18           
Column C 11/28/19 11/28/19 14:02           
Column C 11/30/19 11/30/19 10:30           
Column C 12/02/19 12/2/19 9:36 3840         
Column C 12/04/19 12/4/19 10:30           




Sample ID  Date/ Time 
TDS Chloroform  Formaldehyde TOC 
Results (mg/L) Results (mg/L) Results (mg/L) 
Results 
(mg/L) 
RECIRCULATION 2/12/19 12:00           
Column C 12/09/19 12/9/19 8:30           
Column C 12/11/19 12/11/19 8:00           
Column C 12/13/19 12/13/19 11:00 7080         
Column C 12/16/19 12/16/19 14:01           
Column C 12/18/19 12/18/19 10:21           
Column C 12/20/19 12/20/19 9:46 8306         
Column C 12/23/19 12/23/2019 9:52           
Column C 12/25/19 12/25/19 10:30           
Column C 12/27/19 12/27/19 8:32 14010         




Sample ID  Date/ Time 
TDS Chloroform  Formaldehyde TOC 
Results (mg/L) Results (mg/L) Results (mg/L) 
Results 
(mg/L) 
RECIRCULATION 2/12/19 12:00           
Column C 01/01/20 1/1/20 12:48           
Column C 01/03/20 1/3/20 15:56 20106.7         
Column C 01/06/20 1/6/20 15:34         22 
Column C 01/10/20 1/10/20 9:07           
Column C 01/17/20 1/17/20 13:00 21233.3         
Column C 01/20/20 1/20/20 11:00 22533.3         
Column C 01/22/20 1/22/20 11:00           
Column C 01/24/20 1/24/20 11:00           
Column C 01/27/20 1/27/20 14:00           




Sample ID  Date/ Time 
TDS Chloroform  Formaldehyde TOC 
Results (mg/L) Results (mg/L) Results (mg/L) 
Results 
(mg/L) 
RECIRCULATION 2/12/19 12:00           
Column C 02/04/20 2/4/20 15:35           
Column C 02/07/20 2/7/20 8:20     55     
Column C 02/11/20 2/11/2020 14:00         59 
Column C 02/14/20 2/14/2020 11:10           
Column C 02/18/20 2/18/20 15:12     11     
Column C 02/21/20 2/21/20 11:00       0.011   
Column C 02/25/20 2/25/20 14:00           







Table A.4 – Raw data for Column D 























RECIRCULATION 2/12/19 12:00 0.0 0.0 0.0 0.0 0 0 0       
Test Started  3/9/19 13:10 601.2 36070.0 601.2 25             
Column D 03/11/19 3/11/19 13:08 48.0 2878.0 649.1 27 295 295 0.1025 154.83 6.45 6.45 
Column D 03/13/19 3/13/19 10:23 45.2 2715.0 694.4 29 325 620 0.1197 132.58 5.52 5.52 
Column D 03/15/19 3/15/19 14:30 52.1 3127.0 746.5 31 378 998 0.1209 131.29 5.47 5.47 
Column D 03/19/19 3/19/19 12:30 94.0 5640.0 840.5 35 695 1693 0.1232 128.79 5.37 5.37 
Column D 03/23/19 3/23/19 12:00 95.5 5730.0 936.0 39 420 2113 0.0733 216.52 9.02 9.02 
Column D 03/25/19 3/25/19 12:10 48.2 2890.0 984.2 41 240 2353 0.0830 191.11 7.96 7.96 
Column D 03/27/19 3/27/19 12:30 48.3 2900.0 1032.5 43 837 3190 0.2886 54.99 2.29 2.29 
Column D 03/30/19 3/30/19 11:53 71.4 4283.0 1103.9 46 305 3495 0.0712 222.87 9.29 9.29 



























RECIRCULATION 2/12/19 12:00 0.0 0.0 0.0 0.0 0 0 0       
Column D 04/04/19 4/4/19 11:10 41.7 2500.0 1223.2 51 140 3915 0.0560 283.40 11.81 11.81 
Column D 04/06/19 4/6/19 11:10 48.0 2880.0 1271.2 53 180 4095 0.0625 253.93 10.58 10.58 
Column D 04/09/19 4/9/19 14:14 75.1 4504.0 1346.2 56 250 4345 0.0555 285.93 11.91 11.91 
Column D 04/11/19 4/11/19 18:15 52.0 3121.0 1398.2 58 118 4463 0.0378 419.76 17.49 17.49 
Column D 04/19/19 4/19/19 10:32 184.3 11057.0 1582.5 66 325 4788 0.0294 539.94 22.50 22.50 
Column D 04/21/19 4/21/19 18:30 56.0 3358.0 1638.5 68 77 4865 0.0229 692.12 28.84   
Column D 04/28/19 4/28/19 16:46 166.3 9976.0 1804.8 75 202 5067 0.0202 783.79 32.66   
Column D 05/02/19 5/2/19 14:37 93.8 5631.0 1898.6 79 194 5261 0.0345 460.66 19.19 19.19 
Column D 05/04/19 5/4/19 12:00 45.4 2723.0 1944.0 81 114 5375 0.0419 379.09 15.80 15.80 
Column D 05/09/19 5/9/19 18:00 126.0 7560.0 2070.0 86 745 6120 0.0985 161.05 6.71 6.71 



























RECIRCULATION 2/12/19 12:00 0.0 0.0 0.0 0.0 0 0 0       
Column D 05/21/19 5/21/19 11:00 86.2 5169.0 2351.0 98 980 7700 0.1896 83.71 3.49 3.49 
Column D 05/24/19 5/24/19 11:00 72.0 4320.0 2423.0 101 650 8350 0.1505 105.48 4.39 4.39 
Column D 05/27/19 5/27/19 9:30 70.5 4230.0 2493.5 104 360 8710 0.0851 186.48 7.77 7.77 
Column D 05/29/19 5/29/19 11:30 50.0 3000.0 2543.5 106 245 8955 0.0817 194.33 8.10 8.10 
Column D 05/31/19 5/31/19 10:00 46.5 2790.0 2590.0 108 195 9150 0.0699 227.07 9.46   
Column D 06/03/19 6/3/19 11:00 73.0 4380.0 2663.0 111 1110 10260 0.2534 62.62 2.61 2.61 
Column D 06/05/19 6/5/19 11:00 48.0 2880.0 2711.0 113 1090 11350 0.3785 41.93 1.75 1.75 
Column D 06/07/19 6/7/19 11:00 48.0 2880.0 2759.0 115 825 12175 0.2865 55.40 2.31 2.31 
Column D 06/10/19 6/10/19 12:00 73.0 4380.0 2832.0 118 2440 14615 0.5571 28.49 1.19 1.19 
Column D 06/12/19 6/12/19 11:00 47.0 2820.0 2879.0 120 490 15105 0.1738 91.34 3.81 3.81 



























RECIRCULATION 2/12/19 12:00 0.0 0.0 0.0 0.0 0 0 0       
Column D 06/17/19 6/17/19 12:00 71.0 4260.0 3000.0 125 275 15700 0.0646 245.85 10.24 10.24 
Column D 06/19/19 6/19/19 11:00 47.0 2820.0 3047.0 127 169 15869 0.0599 264.82 11.03 11.03 
Column D 06/21/19 6/21/19 12:30 49.5 2970.0 3096.5 129 166 16035 0.0559 283.95 11.83 11.83 
Column D 06/24/19 6/24/19 13:00 72.5 4350.0 3169.0 132 170 16205 0.0391 406.10 16.92 16.92 
Column D 06/26/19 6/26/19 12:00 47.0 2820.0 3216.0 134 95 16300 0.0337 471.11 19.63 19.63 
Column D 06/28/19 6/28/19 12:00 48.0 2880.0 3264.0 136 120 16420 0.0417 380.90 15.87 15.87 
Column D 07/01/19 7/1/19 13:00 73.0 4380.0 3337.0 139 184 16604 0.0420 377.79 15.74 15.74 
Column D 07/03/19 7/3/19 8:30 43.5 2610.0 3380.5 141 118 16722 0.0452 351.04 14.63 14.63 
Column D 07/05/19 7/5/19 10:20 49.8 2990.0 3430.3 143 132 16854 0.0441 359.49 14.98 14.98 
Column D 07/08/19 7/8/19 12:30 74.2 4450.0 3504.5 146 190 17044 0.0427 371.71 15.49 15.49 



























RECIRCULATION 2/12/19 12:00 0.0 0.0 0.0 0.0 0 0 0       
Column D 07/12/19 7/12/19 13:00 49.0 2940.0 3601.0 150 150 17384 0.0510 311.06 12.96 12.96 
Column D 07/15/19 7/15/19 11:00 70.0 4200.0 3671.0 153 226 17610 0.0538 294.94 12.29 12.29 
Column D 07/17/19 7/17/19 11:00 48.0 2880.0 3719.0 155 70 17680 0.0243 652.96 27.21 27.21 
Column D 07/19/19 7/19/19 13:00 50.0 3000.0 3769.0 157 120 17800 0.0400 396.77 16.53 16.53 
Column D 07/22/19 7/22/19 12:30 71.5 4290.0 3840.5 160 98 17898 0.0228 694.74 28.95   
Column D 07/26/19 7/26/19 11:00 94.5 5670.0 3935.0 164 50 17948 0.0088 1799.73 74.99   
Column D 08/02/19 8/2/19 12:00 169.0 10140.0 4104.0 171 105 18053 0.0104 1532.65 63.86   
Column D 08/12/19 8/12/2019 14:00 242.0 14520.0 4346.0 181 85 18138 0.0059 2711.08 112.96   
Column D 08/19/19 8/19/19 13:00 167.0 10020.0 4513.0 188 460 18598 0.0459 345.70 14.40 14.40 
Column D 08/21/19 8/21/19 11:00 46.0 2760.0 4559.0 190 178 18776 0.0645 246.08 10.25 10.25 



























RECIRCULATION 2/12/19 12:00 0.0 0.0 0.0 0.0 0 0 0       
Column D 08/26/19 8/26/19 9:00 72.0 4320.0 4677.0 195 90 19026 0.0208 761.79 31.74   
Column D 08/28/19 8/28/19 8:00 47.0 2820.0 4724.0 197 520 19546 0.1844 86.07 3.59 3.59 
Column D 08/30/19  8/30/19 11:00 51.0 3060.0 4775.0 199 1600 21146 0.5229 30.35 1.26 1.26 
Column D 09/02/19 9/2/19 10:30 71.5 4290.0 4846.5 202 1180 22326 0.2751 57.70 2.40 2.40 
Column D 09/04/19 9/4/19 7:30 45.0 2700.0 4891.5 204 275 22601 0.1019 155.82 6.49 6.49 
Column D 09/06/19 9/6/19 8:00 48.5 2910.0 4940.0 206 216 22817 0.0742 213.81 8.91 8.91 
Column D 09/09/19 9/9/19 8:30 72.5 4350.0 5012.5 209 206 23023 0.0474 335.13 13.96 13.96 
Column D 09/11/19 9/11/19 10:30 50.0 3000.0 5062.5 211 300 23323 0.1000 158.71 6.61 6.61 
Column D 09/13/19 9/13/19 10:45 48.2 2895.0 5110.7 213 305 23628 0.1054 150.64 6.28 6.28 
Column D 09/16/19 9/16/19 10:40 71.9 4315.0 5182.7 216 295 23923 0.0684 232.14 9.67 9.67 



























RECIRCULATION 2/12/19 12:00 0.0 0.0 0.0 0.0 0 0 0       
Column D 09/21/19 9/21/19 10:00 49.5 2970.0 5302.0 221 207 24320 0.0697 227.71 9.49 9.49 
Column D 09/23/19 9/23/19 8:00 46.0 2760.0 5348.0 223 221 24541 0.0801 198.20 8.26 8.26 
Column D 09/25/19 9/25/19 10:30 50.5 3030.0 5398.5 225 265 24806 0.0875 181.46 7.56 7.56 
Column D 09/27/19 9/27/19 10:00 47.5 2850.0 5446.0 227 235 25041 0.0825 192.47 8.02 8.02 
Column D 09/30/19 9/30/19 13:00 75.0 4500.0 5521.0 230 579 25620 0.1287 123.35 5.14 5.14 
Column D 10/02/19 10/2/19 13:30 48.5 2910.0 5569.5 232 460 26080 0.1581 100.40 4.18 4.18 
Column D 10/05/19 10/5/19 10:00 68.5 4110.0 5638.0 235 540 26620 0.1314 120.79 5.03 5.03 
Column D 10/07/19 10/7/19 14:30 52.5 3150.0 5690.5 237 1920 28540 0.6095 26.04 1.08 1.08 
Column D 10/09/19 10/9/19 13:40 47.2 2830.0 5737.7 239 990 29530 0.3498 45.37 1.89 1.89 
Column D 10/12/19  10/12/19 3:30 61.8 3710.0 5799.5 242 1060 30590 0.2857 55.55 2.31 2.31 



























RECIRCULATION 2/12/19 12:00 0.0 0.0 0.0 0.0 0 0 0       
Column D 10/16/19 10/16/19 15:00 47.3 2840.0 5907.0 246 99 30777 0.0349 455.28 18.97   
Column D 10/18/19  10/18/19 16:00 49.0 2940.0 5956.0 248 850 31627 0.2891 54.89 2.29 2.29 
Column D 10/21/19 10/21/19 8:00 64.0 3840.0 6020.0 251 1840 33467 0.4792 33.12 1.38 1.38 
Column D 10/23/19 10/23/19 8:20 48.3 2900.0 6068.3 253 2345 35812 0.8086 19.63 0.82 0.82 
Column D 10/25/19 10/25/19 8:30 48.2 2890.0 6116.5 255 1029 36841 0.3561 44.57 1.86 1.86 
Column D 10/28/19 10/28/19 8:10 71.7 4300.0 6188.2 258 265 37106 0.0616 257.52 10.73 10.73 
Column D 10/30/19  10/30/19 10:30 50.3 3020.0 6238.5 260 855 37961 0.2831 56.06 2.34 2.34 
Column D 11/01/19 11/1/19 8:15 45.8 2745.0 6284.3 262 360 38321 0.1311 121.01 5.04 5.04 
Column D 11/04/19 11/4/19 7:45 71.5 4290.0 6355.7 265 255 38576 0.0594 267.00 11.12 11.12 
Column D 11/06/19 11/6/19 10:40 50.9 3055.0 6406.7 267 98 38674 0.0321 494.74 20.61 20.61 



























RECIRCULATION 2/12/19 12:00 0.0 0.0 0.0 0.0 0 0 0       
Column D 11/11/19 11/11/19 8:00 71.0 4260.0 6524.0 272 456 39302 0.1070 148.27 6.18 6.18 
Column D 11/13/19 11/13/19 14:30 54.5 3270.0 6578.5 274 150 39452 0.0459 345.98 14.42 14.42 
Column D 11/15/19 11/15/19 9:25 42.9 2575.0 6621.4 276 408 39860 0.1584 100.16 4.17 4.17 
Column D 11/18/19 11/18/19 9:30 72.1 4325.0 6693.5 279 230 40090 0.0532 298.44 12.43 12.43 
Column D 11/20/19 11/20/19 8:30 47.0 2820.0 6740.5 281 106 40196 0.0376 422.22 17.59   
Column D 11/22/19 11/22/19 8:15 47.8 2865.0 6788.3 283 104 40300 0.0363 437.21 18.22   
Column D 11/26/19 11/26/19 8:18 96.0 5763.0 6884.3 287 242 40542 0.0420 377.94 15.75   
Column D 11/28/19 11/28/19 14:02 53.7 3224.0 6938.0 289 546 41088 0.1694 93.71 3.90 3.90 
Column D 11/30/19 11/30/19 10:30 44.5 2668.0 6982.5 291 835 41923 0.3130 50.71 2.11 2.11 
Column D 12/02/19 12/2/19 9:36 47.1 2826.0 7029.6 293 790 42713 0.2795 56.77 2.37 2.37 



























RECIRCULATION 2/12/19 12:00 0.0 0.0 0.0 0.0 0 0 0       
Column D 12/06/19 12/6/19 11:30 49.0 2940.0 7127.5 297 945 44633 0.3214 49.38 2.06 2.06 
Column D 12/09/19 12/9/19 8:30 69.0 4140.0 7196.5 300 500 45133 0.1208 131.41 5.48 5.48 
Column D 12/11/19 12/11/19 8:00 47.5 2850.0 7244.0 302 700 45833 0.2456 64.62 2.69 2.69 
Column D 12/13/19 12/13/19 11:00 51.0 3060.0 7295.0 304 140 45973 0.0458 346.89 14.45 14.45 
Column D 12/16/19 12/16/19 14:01 75.0 4501.0 7370.0 307 265 46238 0.0589 269.56 11.23 11.23 
Column D 12/18/19 12/18/19 10:21 44.3 2660.0 7414.4 309 500 46738 0.1880 84.43 3.52 3.52 
Column D 12/20/19 12/20/19 9:46 47.4 2845.0 7461.8 311 154 46892 0.0541 293.19 12.22 12.22 
Column D 12/23/19 12/23/2019 9:52 72.1 4326.0 7533.9 314 462 47354 0.1068 148.61 6.19 6.19 
Column D 12/25/19 12/25/19 10:30 48.6 2918.0 7582.5 316 182 47536 0.0624 254.45 10.60 10.60 
Column D 12/27/19 12/27/19 8:32 46.0 2762.0 7628.5 318 525 48061 0.1901 83.49 3.48 3.48 



























RECIRCULATION 2/12/19 12:00 0.0 0.0 0.0 0.0 0 0 0       
Column D 01/01/20 1/1/20 12:48 49.9 2996.0 7752.8 323 58 48359 0.0194 819.80 34.16   
Column D 01/03/20 1/3/20 15:56 51.1 3068.0 7803.9 325 230 48589 0.0750 211.70 8.82 8.82 
Column D 01/06/20 1/6/20 15:34 71.6 4298.0 7875.6 328 1330 49919 0.3094 51.29 2.14 2.14 
Column D 01/10/20 1/10/20 9:07 89.6 5373.0 7965.1 332 72 49991 0.0134 1184.35 49.35   
Column D 01/17/20 1/17/20 13:00 171.9 10313.0 8137.0 339 465 50456 0.0451 351.99 14.67 14.67 
Column D 01/20/20 1/20/20 11:00 70.0 4200.0 8207.0 342 850 51306 0.2024 78.42 3.27 3.27 
Column D 01/22/20 1/22/20 11:00 48.0 2880.0 8255.0 344 385 51691 0.1337 118.72 4.95 4.95 
Column D 01/24/20 1/24/20 11:00 48.0 2880.0 8303.0 346 865 52556 0.3003 52.84 2.20 2.20 
Column D 01/27/20 1/27/20 14:00 75.0 4500.0 8378.0 349 790 53346 0.1756 90.40 3.77 3.77 
Column D 01/31/20 1/31/20 8:40 90.7 5440.0 8468.7 353 1000 54346 0.1838 86.34 3.60 3.60 



























RECIRCULATION 2/12/19 12:00 0.0 0.0 0.0 0.0 0 0 0       
Column D 02/07/20 2/7/20 8:20 64.7 3885.0 8636.3 360 240 54806 0.0618 256.91 10.70 10.70 
Column D 02/11/20 2/11/20 14:00 101.7 6100.0 8738.0 364 970 55776 0.1590 99.80 4.16 4.16 
Column D 02/14/20 2/14/20 11:10 69.2 4150.0 8807.2 367 1083 56859 0.2610 60.82 2.53 2.53 
Column D 02/18/20 2/18/20 15:12 100.0 6002.0 8907.2 371 630 57489 0.1050 151.20 6.30 6.30 
Column D 02/21/20 2/21/20 11:00 67.8 4068.0 8975.0 374 1000 58489 0.2458 64.56 2.69 2.69 
Column D 02/25/20 2/25/20 14:00 99.0 5940.0 9074.0 378 174 58663 0.0293 541.79 22.57 22.57 






























RECIRCULATION 2/12/19 12:00                   
Test Started  3/9/19 13:10                   
Column D 03/11/19 3/11/19 13:08 2.39 1.19 0.80 0.60 1 0.02 0.02 7.5 353 
Column D 03/13/19 3/13/19 10:23 5.02 2.51 1.67 1.26 1 0.00 0.00 7.4   
Column D 03/15/19 3/15/19 14:30 8.08 4.04 2.69 2.02 1 0.01 0.01 7.2 409 
Column D 03/19/19 3/19/19 12:30 13.71 6.85 4.57 3.43 1 0.02 0.02 7.3 389 
Column D 03/23/19 3/23/19 12:00 17.11 8.55 5.70 4.28 1 0.00 0.00 7.2 467 
Column D 03/25/19 3/25/19 12:10 19.05 9.53 6.35 4.76 1 0.00 0.00 7.5 380 
Column D 03/27/19 3/27/19 12:30 25.83 12.91 8.61 6.46 1 0.02 0.02 8 474 



























Column D 04/02/19 4/2/19 17:30 30.57 15.28 10.19 7.64 1 0.00 0.00 7.6 392 
Column D 04/04/19 4/4/19 11:10 31.70 15.85 10.57 7.93 1 0.00 0.00 7.5   
Column D 04/06/19 4/6/19 11:10 33.16 16.58 11.05 8.29 1 0.00 0.00 7.7 382 
Column D 04/09/19 4/9/19 14:14 35.18 17.59 11.73 8.80 1 0.01 0.01 7.8 252 
Column D 04/11/19 4/11/19 18:15 36.14 18.07 12.05 9.03 1 0.00 0.00 7.8 321 
Column D 04/19/19 4/19/19 10:32 38.77 19.38 12.92 9.69 1 0.00 0.00 7.7 339 
Column D 04/21/19 4/21/19 18:30 39.39 19.70 13.13 9.85 1 0.00 0.00 7.8 440 
Column D 04/28/19 4/28/19 16:46 41.03 20.51 13.68 10.26 1 0.00 0.00 7.9   
Column D 05/02/19 5/2/19 14:37 42.60 21.30 14.20 10.65 1 0.00 0.00 7.8   
Column D 05/04/19 5/4/19 12:00 43.52 21.76 14.51 10.88 1 0.00 0.00 7.7   



























Column D 05/17/19 5/17/19 20:51 54.41 27.21 18.14 13.60 1 0.00 0.00 7.7   
Column D 05/21/19 5/21/19 11:00 62.35 31.17 20.78 15.59 1 0.00 0.00 7.5 137 
Column D 05/24/19 5/24/19 11:00 67.61 33.81 22.54 16.90 1 0.00 0.00 7.2 230 
Column D 05/27/19 5/27/19 9:30 70.53 35.26 23.51 17.63 1 0.00 0.04 7.8 172 
Column D 05/29/19 5/29/19 11:30 72.51 36.26 24.17 18.13 1 0.00 0.00 8.0 218 
Column D 05/31/19 5/31/19 10:00 74.09 37.04 24.70 18.52 1 0.00 0.00 7.5   
Column D 06/03/19 6/3/19 11:00 83.08 41.54 27.69 20.77 1 0.00 0.00 7.6 1404 
Column D 06/05/19 6/5/19 11:00 91.90 45.95 30.63 22.98 1 0.00 0.00 7.4   
Column D 06/07/19 6/7/19 11:00 98.58 49.29 32.86 24.65 1 0.00 0.00 7.3 2057 
Column D 06/10/19 6/10/19 12:00 118.34 59.17 39.45 29.59 1 0.00 0.00 7.4   



























Column D 06/14/19 6/14/19 13:00 124.90 62.45 41.63 31.22 1 0.00 0.00 7.8 1270 
Column D 06/17/19 6/17/19 12:00 127.13 63.56 42.38 31.78 1 0.00 0.00 7.4   
Column D 06/19/19 6/19/19 11:00 128.49 64.25 42.83 32.12 1 0.00 0.00 7.9 1865 
Column D 06/21/19 6/21/19 12:30 129.84 64.92 43.28 32.46 1 0.00 0.00 7.9   
Column D 06/24/19 6/24/19 13:00 131.21 65.61 43.74 32.80 1 0.00 0.00 7.8   
Column D 06/26/19 6/26/19 12:00 131.98 65.99 43.99 33.00 1 0.00 0.00 7.9 1995 
Column D 06/28/19 6/28/19 12:00 132.96 66.48 44.32 33.24 1 0.00 0.00 7.9   
Column D 07/01/19 7/1/19 13:00 134.45 67.22 44.82 33.61 1 0.00 0.00 7.7   
Column D 07/03/19 7/3/19 8:30 135.40 67.70 45.13 33.85 1 0.00 0.00 8.3 2185 
Column D 07/05/19 7/5/19 10:20 136.47 68.23 45.49 34.12 1 0.00 0.04 8.2   



























Column D 07/10/19 7/10/19 12:00 139.55 69.77 46.52 34.89 1 0.00 0.00 7.6 2325 
Column D 07/12/19 7/12/19 13:00 140.76 70.38 46.92 35.19 1 0.00 0.00 7.7   
Column D 07/15/19 7/15/19 11:00 142.59 71.30 47.53 35.65 1 0.00 0.00 7.4   
Column D 07/17/19 7/17/19 11:00 143.16 71.58 47.72 35.79 1 0.00 0.00 8.1 935 
Column D 07/19/19 7/19/19 13:00 144.13 72.06 48.04 36.03 1 0.00 0.02 7.3   
Column D 07/22/19 7/22/19 12:30 144.92 72.46 48.31 36.23 1 0.00 0.02 7.9   
Column D 07/26/19 7/26/19 11:00 145.33 72.66 48.44 36.33 1 0.00 0.00 7.6 1060 
Column D 08/02/19 8/2/19 12:00 146.18 73.09 48.73 36.54 1 0.00 0.46 7.7   
Column D 08/12/19 8/12/2019 14:00 146.87 73.43 48.96 36.72 1 0.00 0.00 8.1   
Column D 08/19/19 8/19/19 13:00 150.59 75.30 50.20 37.65 1 0.00 0.00 7.8   



























Column D 08/23/19 8/23/19 9:00 153.33 76.66 51.11 38.33 1 0.00 0.00 8.0 172 
Column D 08/26/19 8/26/19 9:00 154.06 77.03 51.35 38.51 1 0.00 0.02 8.3   
Column D 08/28/19 8/28/19 8:00 158.27 79.13 52.76 39.57 1 0.00 0.00 7.6 198 
Column D 08/30/19  8/30/19 11:00 171.22 85.61 57.07 42.81 1 0.00 0.00 6.7   
Column D 09/02/19 9/2/19 10:30 180.78 90.39 60.26 45.19 1 0.00 0.00 6.6 462 
Column D 09/04/19 9/4/19 7:30 183.00 91.50 61.00 45.75 1 0.00 0.01 7.7   
Column D 09/06/19 9/6/19 8:00 184.75 92.38 61.58 46.19 1 0.00 0.00 7.7   
Column D 09/09/19 9/9/19 8:30 186.42 93.21 62.14 46.61 1 0.00 0.00 8 135 
Column D 09/11/19 9/11/19 10:30 188.85 94.43 62.95 47.21 1 0.00 0.00 7.7   
Column D 09/13/19 9/13/19 10:45 191.32 95.66 63.77 47.83 1 0.00 0.02 7.7   



























Column D 09/19/19 9/19/19 8:30 195.25 97.62 65.08 48.81 1 0.00 0.00 8   
Column D 09/21/19 9/21/19 10:00 196.92 98.46 65.64 49.23 1 0.00 0.00 7.9   
Column D 09/23/19 9/23/19 8:00 198.71 99.36 66.24 49.68 1 0.00 0.00 8   
Column D 09/25/19 9/25/19 10:30 200.86 100.43 66.95 50.21 1 0.00 0.00 7.9 354 
Column D 09/27/19 9/27/19 10:00 202.76 101.38 67.59 50.69 1 0.00 0.00 8.1   
Column D 09/30/19 9/30/19 13:00 207.45 103.72 69.15 51.86 1 0.00 0.00 7.8 800 
Column D 10/02/19 10/2/19 13:30 211.17 105.59 70.39 52.79 1 0.00 0.00 7.6   
Column D 10/05/19 10/5/19 10:00 215.55 107.77 71.85 53.89 1 0.00 0.00 7.6   
Column D 10/07/19 10/7/19 14:30 231.09 115.55 77.03 57.77 1 0.00 0.00 6.2 1166 
Column D 10/09/19 10/9/19 13:40 239.11 119.55 79.70 59.78 1 0.00 0.00 6.7   



























Column D 10/14/19 10/14/19 15:40 248.40 124.20 82.80 62.10 1 0.00 0.03 7.5 1210 
Column D 10/16/19 10/16/19 15:00 249.21 124.60 83.07 62.30 1 0.00 0.00 8.2   
Column D 10/18/19  10/18/19 16:00 256.09 128.04 85.36 64.02 1 0.00 0.00 6.8   
Column D 10/21/19 10/21/19 8:00 270.99 135.49 90.33 67.75 1 0.00 0.00 6.5 1380 
Column D 10/23/19 10/23/19 8:20 289.98 144.99 96.66 72.49 1 0.00 0.00 6   
Column D 10/25/19 10/25/19 8:30 298.31 149.15 99.44 74.58 1 0.00 0.00 6.4   
Column D 10/28/19 10/28/19 8:10 300.45 150.23 100.15 75.11 1 0.00 0.00 7.6 1198 
Column D 10/30/19  10/30/19 10:30 307.38 153.69 102.46 76.84 1 0.00 0.00 6.4   
Column D 11/01/19 11/1/19 8:15 310.29 155.15 103.43 77.57 1 0.00 0.00 7.5   
Column D 11/04/19 11/4/19 7:45 312.36 156.18 104.12 78.09 1 0.00 0.00 8 640 



























Column D 11/08/19 11/8/19 9:00 314.54 157.27 104.85 78.64 1 0.00 0.00 7.8   
Column D 11/11/19 11/11/19 8:00 318.23 159.12 106.08 79.56 1 0.00 0.00 8 372 
Column D 11/13/19 11/13/19 14:30 319.45 159.72 106.48 79.86 1 0.00 0.00 8.1   
Column D 11/15/19 11/15/19 9:25 322.75 161.38 107.58 80.69 1 0.00 0.00 7.9   
Column D 11/18/19 11/18/19 9:30 324.62 162.31 108.21 81.15 1 0.00 0.00 8.1 344.5 
Column D 11/20/19 11/20/19 8:30 325.47 162.74 108.49 81.37 1 0.00 0.00 7.4   
Column D 11/22/19 11/22/19 8:15 326.32 163.16 108.77 81.58 1 0.00 0.00 8.1   
Column D 11/26/19 11/26/19 8:18 328.28 164.14 109.43 82.07 1 0.00 0.00 7.9 288 
Column D 11/28/19 11/28/19 14:02 332.70 166.35 110.90 83.17 1 0.00 0.00 7.9   
Column D 11/30/19 11/30/19 10:30 339.46 169.73 113.15 84.86 1 0.00 0.00 7.3   



























Column D 12/04/19 12/4/19 10:30 353.75 176.87 117.92 88.44 1 0.00 0.00 7.2   
Column D 12/06/19 12/6/19 11:30 361.40 180.70 120.47 90.35 1 0.00 0.00 7.3   
Column D 12/09/19 12/9/19 8:30 365.45 182.72 121.82 91.36 1 0.00 0.00 6.8 106.5 
Column D 12/11/19 12/11/19 8:00 371.12 185.56 123.71 92.78 1 0.00 0.00 7.6   
Column D 12/13/19 12/13/19 11:00 372.25 186.13 124.08 93.06 1 0.00 0.00 8   
Column D 12/16/19 12/16/19 14:01 374.40 187.20 124.80 93.60 1 0.00 0.00 6.9 268 
Column D 12/18/19 12/18/19 10:21 378.45 189.22 126.15 94.61 1 0.00 0.01 6.8   
Column D 12/20/19 12/20/19 9:46 379.69 189.85 126.56 94.92 1 0.00 0.02 7.4   
Column D 12/23/19 12/23/2019 9:52 383.43 191.72 127.81 95.86 1 0.00 0.00 7.3 315 
Column D 12/25/19 12/25/19 10:30 384.91 192.45 128.30 96.23 1 0.00 0.00 7.4   



























Column D 12/30/19 12/30/19 10:52 391.10 195.55 130.37 97.78 1 0.00 0.01 7.5 312 
Column D 01/01/20 1/1/20 12:48 391.57 195.79 130.52 97.89 1 0.00 0.00 7.7   
Column D 01/03/20 1/3/20 15:56 393.43 196.72 131.14 98.36 1 0.00 0.00 7.3   
Column D 01/06/20 1/6/20 15:34 404.20 202.10 134.73 101.05 1 0.00 0.01 6.2   
Column D 01/10/20 1/10/20 9:07 404.79 202.39 134.93 101.20 1 0.00 0.00 7.3 266 
Column D 01/17/20 1/17/20 13:00 408.55 204.28 136.18 102.14 1 0.00 0.00 7.2 323 
Column D 01/20/20 1/20/20 11:00 415.43 207.72 138.48 103.86 1 0.00 0.00 6.7   
Column D 01/22/20 1/22/20 11:00 418.55 209.28 139.52 104.64 1 0.00 0.00 6.7 368 
Column D 01/24/20 1/24/20 11:00 425.55 212.78 141.85 106.39 1 0.00 0.05 6.5   
Column D 01/27/20 1/27/20 14:00 431.95 215.98 143.98 107.99 1 0.00 0.03 6.6 389 



























Column D 02/04/20 2/4/20 15:35 441.83 220.91 147.28 110.46 1 0.00 0.00 7.4 258 
Column D 02/07/20 2/7/20 8:20 443.77 221.89 147.92 110.94 1 0.00 0.02 8.1   
Column D 02/11/20 2/11/20 14:00 451.63 225.81 150.54 112.91 1 0.00 0.35 6.5 255 
Column D 02/14/20 2/14/20 11:10 460.40 230.20 153.47 115.10 1 0.00 0.50 8.1   
Column D 02/18/20 2/18/20 15:12 465.50 232.75 155.17 116.37 1 0.00 0.02 6.6 213 
Column D 02/21/20 2/21/20 11:00 473.60 236.80 157.87 118.40 1 0.00 0.08 7   
Column D 02/25/20 2/25/20 14:00 475.00 237.50 158.33 118.75 1 0.00 0.03 7.9   






Sample ID  Date/ Time 











RECIRCULATION 2/12/19 12:00                     
Test Started  3/9/19 13:10                     
Column D 03/11/19 3/11/19 13:08 1910   10 0.006   0.06       500 
Column D 03/13/19 3/13/19 10:23 1990   10 0.007   0.07         
Column D 03/15/19 3/15/19 14:30 2280   10 0.01   0.1         
Column D 03/19/19 3/19/19 12:30 2170   10 0.011   0.11         
Column D 03/23/19 3/23/19 12:00 2410   10 0.011   0.11         
Column D 03/25/19 3/25/19 12:10 2080   10 0.006   0.06         
Column D 03/27/19 3/27/19 12:30 2310   10 0.017   0.17       2300 




Sample ID  Date/ Time 











RECIRCULATION 2/12/19 12:00                     
Column D 04/02/19 4/2/19 17:30 2300   10 0.019   0.19         
Column D 04/04/19 4/4/19 11:10 2390   10 0.014   0.14         
Column D 04/06/19 4/6/19 11:10 2450   10 0.019   0.19         
Column D 04/09/19 4/9/19 14:14 1840   10 0.016   0.16         
Column D 04/11/19 4/11/19 18:15 1850 1700 10 0.02   0.2       2000 
Column D 04/19/19 4/19/19 10:32                     
Column D 04/21/19 4/21/19 18:30                   1600 
Column D 04/28/19 4/28/19 16:46           0.23         
Column D 05/02/19 5/2/19 14:37 2900         0.23         




Sample ID  Date/ Time 











RECIRCULATION 2/12/19 12:00                     
Column D 05/09/19 5/9/19 18:00         < 0.001         
Column D 05/17/19 5/17/19 20:51                     
Column D 05/21/19 5/21/19 11:00           0.27         
Column D 05/24/19 5/24/19 11:00 1750         0.57         
Column D 05/27/19 5/27/19 9:30                     
Column D 05/29/19 5/29/19 11:30         < 0.001         
Column D 05/31/19 5/31/19 10:00                   1800 
Column D 06/03/19 6/3/19 11:00 1500                   
Column D 06/05/19 6/5/19 11:00           0.58         




Sample ID  Date/ Time 











RECIRCULATION 2/12/19 12:00                     
Column D 06/10/19 6/10/19 12:00 247       < 0.001         
Column D 06/12/19 6/12/19 11:00                     
Column D 06/14/19 6/14/19 13:00                     
Column D 06/17/19 6/17/19 12:00               3.61 < 0.2 
Column D 06/19/19 6/19/19 11:00                     
Column D 06/21/19 6/21/19 12:30 221 230           1.55 < 0.2 
Column D 06/24/19 6/24/19 13:00                     
Column D 06/26/19 6/26/19 12:00               0.104 < 0.2 
Column D 06/28/19 6/28/19 12:00                     




Sample ID  Date/ Time 











RECIRCULATION 2/12/19 12:00                     
Column D 07/03/19 7/3/19 8:30                     
Column D 07/05/19 7/5/19 10:20                     
Column D 07/08/19 7/8/19 12:30               9.26 < 0.2 
Column D 07/10/19 7/10/19 12:00 315                   
Column D 07/12/19 7/12/19 13:00               1.78 < 0.2 
Column D 07/15/19 7/15/19 11:00                     
Column D 07/17/19 7/17/19 11:00               4.56 < 0.2 
Column D 07/19/19 7/19/19 13:00   220                 
Column D 07/22/19 7/22/19 12:30 230                   




Sample ID  Date/ Time 











RECIRCULATION 2/12/19 12:00                     
Column D 08/02/19 8/2/19 12:00               0.553   0.38 
Column D 08/12/19 8/12/2019 14:00               0.05 < 0.2 
Column D 08/19/19 8/19/19 13:00 234         0.16   0.05     
Column D 08/21/19 8/21/19 11:00 230         0.11     < 0.2 
Column D 08/23/19 8/23/19 9:00               0.05   0.23 
Column D 08/26/19 8/26/19 9:00 212 190       0.07         
Column D 08/28/19 8/28/19 8:00               0.05   0.69 
Column D 08/30/19  8/30/19 11:00                     
Column D 09/02/19 9/2/19 10:30 458         0.35   0.05 < 0.2 




Sample ID  Date/ Time 











RECIRCULATION 2/12/19 12:00                     
Column D 09/06/19 9/6/19 8:00 512         0.2         
Column D 09/09/19 9/9/19 8:30 560 460           0.05 < 0.1 
Column D 09/11/19 9/11/19 10:30                     
Column D 09/13/19 9/13/19 10:45 590         0.24         
Column D 09/16/19 9/16/19 10:40               0.05 < 0.2 
Column D 09/19/19 9/19/19 8:30                   0.29 
Column D 09/21/19 9/21/19 10:00 540               < 0.1 
Column D 09/23/19 9/23/19 8:00                   0.12 
Column D 09/25/19 9/25/19 10:30                     




Sample ID  Date/ Time 











RECIRCULATION 2/12/19 12:00                     
Column D 09/30/19 9/30/19 13:00                 < 0.1 
Column D 10/02/19 10/2/19 13:30 539                   
Column D 10/05/19 10/5/19 10:00                     
Column D 10/07/19 10/7/19 14:30                   81 
Column D 10/09/19 10/9/19 13:40                     
Column D 10/12/19  10/12/19 3:30                     
Column D 10/14/19 10/14/19 15:40                 < 0.1 
Column D 10/16/19 10/16/19 15:00                     
Column D 10/18/19  10/18/19 16:00 581 510             < 0.1 




Sample ID  Date/ Time 











RECIRCULATION 2/12/19 12:00                     
Column D 10/23/19 10/23/19 8:20               36.9   35 
Column D 10/25/19 10/25/19 8:30                     
Column D 10/28/19 10/28/19 8:10                     
Column D 10/30/19  10/30/19 10:30               0.601   0.14 
Column D 11/01/19 11/1/19 8:15 587                   
Column D 11/04/19 11/4/19 7:45               1.515 < 0.1 
Column D 11/06/19 11/6/19 10:40                     
Column D 11/08/19 11/8/19 9:00                     
Column D 11/11/19 11/11/19 8:00               12.1 < 0.1 




Sample ID  Date/ Time 











RECIRCULATION 2/12/19 12:00                     
Column D 11/15/19 11/15/19 9:25                     
Column D 11/18/19 11/18/19 9:30 574             12.1   12.1 
Column D 11/20/19 11/20/19 8:30                     
Column D 11/22/19 11/22/19 8:15                     
Column D 11/26/19 11/26/19 8:18               12.1   12.1 
Column D 11/28/19 11/28/19 14:02                     
Column D 11/30/19 11/30/19 10:30                     
Column D 12/02/19 12/2/19 9:36 1470             247.9   260 
Column D 12/04/19 12/4/19 10:30                     




Sample ID  Date/ Time 











RECIRCULATION 2/12/19 12:00                     
Column D 12/09/19 12/9/19 8:30 1565             861.5   840 
Column D 12/11/19 12/11/19 8:00                     
Column D 12/13/19 12/13/19 11:00                     
Column D 12/16/19 12/16/19 14:01 1960             32.79   68 
Column D 12/18/19 12/18/19 10:21                     
Column D 12/20/19 12/20/19 9:46                     
Column D 12/23/19 12/23/2019 9:52 2590                  
Column D 12/25/19 12/25/19 10:30                    
Column D 12/27/19 12/27/19 8:32                    




Sample ID  Date/ Time 











RECIRCULATION 2/12/19 12:00                     
Column D 01/01/20 1/1/20 12:48                    
Column D 01/03/20 1/3/20 15:56                    
Column D 01/06/20 1/6/20 15:34 3190                10000 
Column D 01/10/20 1/10/20 9:07                     
Column D 01/17/20 1/17/20 13:00                     
Column D 01/20/20 1/20/20 11:00 3390                 11000 
Column D 01/22/20 1/22/20 11:00                     
Column D 01/24/20 1/24/20 11:00                     
Column D 01/27/20 1/27/20 14:00 3260                 11000 




Sample ID  Date/ Time 











RECIRCULATION 2/12/19 12:00                     
Column D 02/04/20 2/4/20 15:35 3720                 12000 
Column D 02/07/20 2/7/20 8:20 4140                 9400 
Column D 02/11/20 2/11/20 14:00                     
Column D 02/14/20 2/14/20 11:10 2950                 7100 
Column D 02/18/20 2/18/20 15:12                     
Column D 02/21/20 2/21/20 11:00 3010                   
Column D 02/25/20 2/25/20 14:00 3170                 8100 







Sample ID  Date/ Time 















RECIRCULATION 2/12/19 12:00                     
Test Started  3/9/19 13:10                     
Column D 03/11/19 3/11/19 13:08       380     < 0.884     
Column D 03/13/19 3/13/19 10:23             < 0.884     
Column D 03/15/19 3/15/19 14:30             < 0.884     
Column D 03/19/19 3/19/19 12:30             < 0.884   295 
Column D 03/23/19 3/23/19 12:00             < 0.884   250 
Column D 03/25/19 3/25/19 12:10             < 0.884     




Sample ID  Date/ Time 















RECIRCULATION 2/12/19 12:00                     
Column D 03/30/19 3/30/19 11:53             < 0.884   220 
Column D 04/02/19 4/2/19 17:30             < 0.884     
Column D 04/04/19 4/4/19 11:10             < 0.884   330 
Column D 04/06/19 4/6/19 11:10             < 0.884     
Column D 04/09/19 4/9/19 14:14             < 0.884     
Column D 04/11/19 4/11/19 18:15       880     < 0.884   270 
Column D 04/19/19 4/19/19 10:32                     
Column D 04/21/19 4/21/19 18:30       580             




Sample ID  Date/ Time 















RECIRCULATION 2/12/19 12:00                     
Column D 05/02/19 5/2/19 14:37             < 0.884 438.4 445 
Column D 05/04/19 5/4/19 12:00             < 0.884 480.5 450 
Column D 05/09/19 5/9/19 18:00             < 0.884     
Column D 05/17/19 5/17/19 20:51             < 0.884     
Column D 05/21/19 5/21/19 11:00             < 0.884 345.3 345.3 
Column D 05/24/19 5/24/19 11:00             < 0.884 357.4 357.4 
Column D 05/27/19 5/27/19 9:30                     
Column D 05/29/19 5/29/19 11:30             < 0.884     




Sample ID  Date/ Time 















RECIRCULATION 2/12/19 12:00                     
Column D 06/03/19 6/3/19 11:00             < 0.884   480 
Column D 06/05/19 6/5/19 11:00                 447.4 345 
Column D 06/07/19 6/7/19 11:00       530     < 0.884     
Column D 06/10/19 6/10/19 12:00                     
Column D 06/12/19 6/12/19 11:00                     
Column D 06/14/19 6/14/19 13:00                     
Column D 06/17/19 6/17/19 12:00     < 0.05     < 0.884   450 
Column D 06/19/19 6/19/19 11:00                     




Sample ID  Date/ Time 















RECIRCULATION 2/12/19 12:00                     
Column D 06/24/19 6/24/19 13:00     < 0.05     < 0.884     
Column D 06/26/19 6/26/19 12:00     < 0.05           110 
Column D 06/28/19 6/28/19 12:00                     
Column D 07/01/19 7/1/19 13:00             < 0.884     
Column D 07/03/19 7/3/19 8:30                     
Column D 07/05/19 7/5/19 10:20                     
Column D 07/08/19 7/8/19 12:30     < 0.05     < 0.884     
Column D 07/10/19 7/10/19 12:00                     




Sample ID  Date/ Time 















RECIRCULATION 2/12/19 12:00                     
Column D 07/15/19 7/15/19 11:00     <  0.05     < 0.884     
Column D 07/17/19 7/17/19 11:00     < 0.05             
Column D 07/19/19 7/19/19 13:00                     
Column D 07/22/19 7/22/19 12:30             < 0.884     
Column D 07/26/19 7/26/19 11:00             < 0.884     
Column D 08/02/19 8/2/19 12:00     < 0.05             
Column D 08/12/19 8/12/2019 14:00     < 0.05             
Column D 08/19/19 8/19/19 13:00             < 0.884   40 




Sample ID  Date/ Time 















RECIRCULATION 2/12/19 12:00                     
Column D 08/23/19 8/23/19 9:00     < 0.05           155 
Column D 08/26/19 8/26/19 9:00             < 0.884     
Column D 08/28/19 8/28/19 8:00     < 0.05           280 
Column D 08/30/19  8/30/19 11:00                     
Column D 09/02/19 9/2/19 10:30 < 0.05 < 0.05     < 0.884     
Column D 09/04/19 9/4/19 7:30                     
Column D 09/06/19 9/6/19 8:00             < 0.884   160 
Column D 09/09/19 9/9/19 8:30   0.314 < 0.05             




Sample ID  Date/ Time 















RECIRCULATION 2/12/19 12:00                     
Column D 09/13/19 9/13/19 10:45             < 0.884   277.5 
Column D 09/16/19 9/16/19 10:40     < 0.05             
Column D 09/19/19 9/19/19 8:30       0.059           95 
Column D 09/21/19 9/21/19 10:00     < 0.05     < 0.884     
Column D 09/23/19 9/23/19 8:00     < 0.05     < 0.884     
Column D 09/25/19 9/25/19 10:30                     
Column D 09/27/19 9/27/19 10:00                   20 
Column D 09/30/19 9/30/19 13:00     < 0.05     < 0.884     




Sample ID  Date/ Time 















RECIRCULATION 2/12/19 12:00                     
Column D 10/05/19 10/5/19 10:00                     
Column D 10/07/19 10/7/19 14:30       16     < 0.884     
Column D 10/09/19 10/9/19 13:40                     
Column D 10/12/19  10/12/19 3:30                   100 
Column D 10/14/19 10/14/19 15:40     < 0.05     < 0.884     
Column D 10/16/19 10/16/19 15:00                     
Column D 10/18/19  10/18/19 16:00     < 0.05     < 0.884     
Column D 10/21/19 10/21/19 8:00                   80 




Sample ID  Date/ Time 















RECIRCULATION 2/12/19 12:00                     
Column D 10/25/19 10/25/19 8:30                   180 
Column D 10/28/19 10/28/19 8:10                     
Column D 10/30/19  10/30/19 10:30   1.064   0.062 < 0.05 < 0.884     
Column D 11/01/19 11/1/19 8:15                   8 
Column D 11/04/19 11/4/19 7:45   0.132 < 0.1 < 0.05 < 0.884     
Column D 11/06/19 11/6/19 10:40                   102 
Column D 11/08/19 11/8/19 9:00                     
Column D 11/11/19 11/11/19 8:00 < 0.05 < 0.1   16 < 0.884     




Sample ID  Date/ Time 















RECIRCULATION 2/12/19 12:00                     
Column D 11/15/19 11/15/19 9:25                     
Column D 11/18/19 11/18/19 9:30 < 0.05   0.05   17.2 < 0.884     
Column D 11/20/19 11/20/19 8:30                     
Column D 11/22/19 11/22/19 8:15                   60 
Column D 11/26/19 11/26/19 8:18 < 0.05   0.05   15.9 < 0.884     
Column D 11/28/19 11/28/19 14:02                     
Column D 11/30/19 11/30/19 10:30                   400 
Column D 12/02/19 12/2/19 9:36   117.8   140   16.2 < 0.884     




Sample ID  Date/ Time 















RECIRCULATION 2/12/19 12:00                     
Column D 12/06/19 12/6/19 11:30                   1020 
Column D 12/09/19 12/9/19 8:30   239.7   260   18.6   2.6962     
Column D 12/11/19 12/11/19 8:00                     
Column D 12/13/19 12/13/19 11:00                   1200 
Column D 12/16/19 12/16/19 14:01     38 < 0.05   0.4862     
Column D 12/18/19 12/18/19 10:21                     
Column D 12/20/19 12/20/19 9:46                   1140 
Column D 12/23/19 12/23/2019 9:52   630.56   630.56   11.4   45.526     




Sample ID  Date/ Time 















RECIRCULATION 2/12/19 12:00                     
Column D 12/27/19 12/27/19 8:32                   1040 
Column D 12/30/19 12/30/19 10:52   987.48   987.48   28.992   89.284     
Column D 01/01/20 1/1/20 12:48                     
Column D 01/03/20 1/3/20 15:56                   1420 
Column D 01/06/20 1/6/20 15:34   1166.86   1200   28.841   93.704     
Column D 01/10/20 1/10/20 9:07                   960 
Column D 01/17/20 1/17/20 13:00                     
Column D 01/20/20 1/20/20 11:00       1400       84.864   1040 




Sample ID  Date/ Time 















RECIRCULATION 2/12/19 12:00                     
Column D 01/24/20 1/24/20 11:00                     
Column D 01/27/20 1/27/20 14:00       1300       72.488     
Column D 01/31/20 1/31/20 8:40                     
Column D 02/04/20 2/4/20 15:35       1300       70.278   950 
Column D 02/07/20 2/7/20 8:20       1200       65.416     
Column D 02/11/20 2/11/20 14:00                     
Column D 02/14/20 2/14/20 11:10       890       46.852     
Column D 02/18/20 2/18/20 15:12                   800 




Sample ID  Date/ Time 















RECIRCULATION 2/12/19 12:00                     
Column D 02/25/20 2/25/20 14:00       1000       64.09     
















Sample ID  Date/ Time 








Results (mg/L) Results (mg/L) 
Results 
(mg/L) 
RECIRCULATION 2/12/19 12:00                 
Test Started  3/9/19 13:10                 
Column D 03/11/19 3/11/19 13:08                 
Column D 03/13/19 3/13/19 10:23                 
Column D 03/15/19 3/15/19 14:30                 
Column D 03/19/19 3/19/19 12:30 19.7 6.4222 420 5830         
Column D 03/23/19 3/23/19 12:00 22.8 7.4328 250           
Column D 03/25/19 3/25/19 12:10       5755         
Column D 03/27/19 3/27/19 12:30                 




Sample ID  Date/ Time 








Results (mg/L) Results (mg/L) 
Results 
(mg/L) 
Column D 04/02/19 4/2/19 17:30                 
Column D 04/04/19 4/4/19 11:10 81 26.406             
Column D 04/06/19 4/6/19 11:10       8375       64 
Column D 04/09/19 4/9/19 14:14                 
Column D 04/11/19 4/11/19 18:15 1.1 0.3586 118 7710         
Column D 04/19/19 4/19/19 10:32                 
Column D 04/21/19 4/21/19 18:30 7.7 2.5102             
Column D 04/28/19 4/28/19 16:46       9545         
Column D 05/02/19 5/2/19 14:37 25.9 8.4434 192           
Column D 05/04/19 5/4/19 12:00 32.5 10.595 148 8395         




Sample ID  Date/ Time 








Results (mg/L) Results (mg/L) 
Results 
(mg/L) 
Column D 05/17/19 5/17/19 20:51                 
Column D 05/21/19 5/21/19 11:00       6112.5         
Column D 05/24/19 5/24/19 11:00 41.4 13.496 60           
Column D 05/27/19 5/27/19 9:30                 
Column D 05/29/19 5/29/19 11:30     62           
Column D 05/31/19 5/31/19 10:00               27 
Column D 06/03/19 6/3/19 11:00 19.6 6.3896   5530         
Column D 06/05/19 6/5/19 11:00 29.6 9.6496 44           
Column D 06/07/19 6/7/19 11:00       5510         
Column D 06/10/19 6/10/19 12:00                 




Sample ID  Date/ Time 








Results (mg/L) Results (mg/L) 
Results 
(mg/L) 
Column D 06/14/19 6/14/19 13:00     32 2990         
Column D 06/17/19 6/17/19 12:00                 
Column D 06/19/19 6/19/19 11:00     58         490 
Column D 06/21/19 6/21/19 12:30 41 13.366             
Column D 06/24/19 6/24/19 13:00       3030         
Column D 06/26/19 6/26/19 12:00 29 9.454 60           
Column D 06/28/19 6/28/19 12:00                 
Column D 07/01/19 7/1/19 13:00       3010         
Column D 07/03/19 7/3/19 8:30     77           
Column D 07/05/19 7/5/19 10:20 24 7.824             




Sample ID  Date/ Time 








Results (mg/L) Results (mg/L) 
Results 
(mg/L) 
Column D 07/10/19 7/10/19 12:00       4023         
Column D 07/12/19 7/12/19 13:00 48 15.648 62         2600 
Column D 07/15/19 7/15/19 11:00       2515         
Column D 07/17/19 7/17/19 11:00     53           
Column D 07/19/19 7/19/19 13:00 26 8.476   2770         
Column D 07/22/19 7/22/19 12:30 23 7.498 92           
Column D 07/26/19 7/26/19 11:00                 
Column D 08/02/19 8/2/19 12:00       1960         
Column D 08/12/19 8/12/2019 14:00       1672.5         
Column D 08/19/19 8/19/19 13:00 63 20.538             




Sample ID  Date/ Time 








Results (mg/L) Results (mg/L) 
Results 
(mg/L) 
Column D 08/23/19 8/23/19 9:00                 
Column D 08/26/19 8/26/19 9:00       2193.33         
Column D 08/28/19 8/28/19 8:00 39.4 12.844 70         38 
Column D 08/30/19  8/30/19 11:00       1775         
Column D 09/02/19 9/2/19 10:30                 
Column D 09/04/19 9/4/19 7:30                 
Column D 09/06/19 9/6/19 8:00 61 19.886             
Column D 09/09/19 9/9/19 8:30                 
Column D 09/11/19 9/11/19 10:30     70 1885         
Column D 09/13/19 9/13/19 10:45 51 16.626             




Sample ID  Date/ Time 








Results (mg/L) Results (mg/L) 
Results 
(mg/L) 
Column D 09/19/19 9/19/19 8:30 69 22.494 112           
Column D 09/21/19 9/21/19 10:00                 
Column D 09/23/19 9/23/19 8:00       1735         
Column D 09/25/19 9/25/19 10:30     118           
Column D 09/27/19 9/27/19 10:00 65 21.19             
Column D 09/30/19 9/30/19 13:00                 
Column D 10/02/19 10/2/19 13:30               120 
Column D 10/05/19 10/5/19 10:00 69.5 22.68 107           
Column D 10/07/19 10/7/19 14:30       2160         
Column D 10/09/19 10/9/19 13:40                 




Sample ID  Date/ Time 








Results (mg/L) Results (mg/L) 
Results 
(mg/L) 
Column D 10/14/19 10/14/19 15:40                 
Column D 10/16/19 10/16/19 15:00       2330         
Column D 10/18/19  10/18/19 16:00                 
Column D 10/21/19 10/21/19 8:00 75 24.47 98     3.5 0.078   
Column D 10/23/19 10/23/19 8:20                 
Column D 10/25/19 10/25/19 8:30 71 23.17 50           
Column D 10/28/19 10/28/19 8:10                 
Column D 10/30/19  10/30/19 10:30                 
Column D 11/01/19 11/1/19 8:15 65.5 21.37 30.5         260 
Column D 11/04/19 11/4/19 7:45       2195         




Sample ID  Date/ Time 








Results (mg/L) Results (mg/L) 
Results 
(mg/L) 
Column D 11/08/19 11/8/19 9:00                 
Column D 11/11/19 11/11/19 8:00                 
Column D 11/13/19 11/13/19 14:30       2152.5         
Column D 11/15/19 11/15/19 9:25 55 17.95 54           
Column D 11/18/19 11/18/19 9:30                 
Column D 11/20/19 11/20/19 8:30         < 0.25     
Column D 11/22/19 11/22/19 8:15 32 10.44 58.5           
Column D 11/26/19 11/26/19 8:18                 
Column D 11/28/19 11/28/19 14:02                 
Column D 11/30/19 11/30/19 10:30 70 22.84 89.5           




Sample ID  Date/ Time 








Results (mg/L) Results (mg/L) 
Results 
(mg/L) 
Column D 12/04/19 12/4/19 10:30                 
Column D 12/06/19 12/6/19 11:30 11 3.59 106.5           
Column D 12/09/19 12/9/19 8:30                 
Column D 12/11/19 12/11/19 8:00                 
Column D 12/13/19 12/13/19 11:00 0.13 0.04 78.5 6411.67         
Column D 12/16/19 12/16/19 14:01                 
Column D 12/18/19 12/18/19 10:21                 
Column D 12/20/19 12/20/19 9:46 8 2.61 144.8 10552         
Column D 12/23/19 12/23/2019 9:52                 
Column D 12/25/19 12/25/19 10:30                 




Sample ID  Date/ Time 








Results (mg/L) Results (mg/L) 
Results 
(mg/L) 
Column D 12/30/19 12/30/19 10:52                 
Column D 01/01/20 1/1/20 12:48                 
Column D 01/03/20 1/3/20 15:56 0 0 147.6 18183.33         
Column D 01/06/20 1/6/20 15:34               35 
Column D 01/10/20 1/10/20 9:07 4 1.31             
Column D 01/17/20 1/17/20 13:00     135.6 23913.33         
Column D 01/20/20 1/20/20 11:00 0 0 139.6 25313.33         
Column D 01/22/20 1/22/20 11:00                 
Column D 01/24/20 1/24/20 11:00                 
Column D 01/27/20 1/27/20 14:00                 




Sample ID  Date/ Time 








Results (mg/L) Results (mg/L) 
Results 
(mg/L) 
Column D 02/04/20 2/4/20 15:35 8.25 2.69 125.5           
Column D 02/07/20 2/7/20 8:20           29     
Column D 02/11/20 2/11/20 14:00               92 
Column D 02/14/20 2/14/20 11:10                 
Column D 02/18/20 2/18/20 15:12 7.5 2.45 118     34     
Column D 02/21/20 2/21/20 11:00             0.01   
Column D 02/25/20 2/25/20 14:00                 





Appendix B: Calculations of Expected Chloride Concentrations 
Table B.1 – Expected chloride concentrations for Column A 
Sample ID  Date/ Time 
Cumulative time 
(day) 










RECIRCULATION 2/12/19 12:00 0.0             
Test Started 3/9/19 13:10 25.0   817.5   2566.67   429 
Column A 03/11/19 3/11/19 13:08 27.0   817.5   2566.67   429 
Column A 03/13/19 3/13/19 10:23 28.9   817.5   2566.67   429 
Column A 03/15/19 3/15/19 14:30 31.1   817.5   2566.67   429 
Column A 03/19/19 3/19/19 12:30 35.0   817.5   2566.67   429 
Column A 03/23/19 3/23/19 12:40 39.0   817.5   2566.67   429 
Column A 03/25/19 3/25/19 12:00 41.0   817.5   2566.67   429 




Sample ID  Date/ Time 
Cumulative time 
(day) 










Column A 03/30/19 3/30/19 11:53 46.0   817.5   2566.67   429 
Column A 04/02/19 4/2/19 17:30 49.2   817.5   2566.67   429 
Column A 04/04/19 4/4/19 11:10 51.0   817.5   2566.67   429 
Column A 04/06/19 4/6/19 11:10 53.0   817.5   2566.67   429 
Column A 04/09/19 4/9/19 14:14 56.1   817.5   2566.67   429 
Column A 04/11/19 4/11/19 18:15 58.3   817.5   2566.67   429 
Column A 04/19/19 4/19/19 10:32 65.9   817.5   2566.67   429 
Column A 04/21/19 4/21/19 18:30 68.3   817.5   2566.67   429 
Column A 04/28/19 4/28/19 16:46 75.2   817.5   2566.67   429 
Column A 05/02/19 5/2/19 14:37 79.1   817.5   2566.67   429 




Sample ID  Date/ Time 
Cumulative time 
(day) 










Column A 05/09/19 5/9/19 18:00 86.3 
 
817.5   2566.67   429 
Column A 05/17/19 5/17/19 20:51 94.4 817.5   2566.67   429 
Column A 05/21/19 5/21/19 11:00 98.0   817.5   2566.67   429 
Column A 05/27/19 5/27/19 9:30 103.9   817.5   2566.67   429 
Column A 05/29/19 5/29/19 11:30 106.0 814 817.5   2566.67   429 
Column A 05/31/19 5/31/19 10:00 107.9   817.5   2566.67   429 
Column A 06/03/19 6/3/19 11:00 111.0   817.5   2566.67   429 
Column A 06/05/19 6/5/19 11:00 113.0   817.5   2566.67   429 
Column A 06/07/19 6/7/19 11:00 115.0   817.5   2566.67   429 
Column A 06/12/19 6/12/19 11:00 120.0   817.5   2566.67   429 




Sample ID  Date/ Time 
Cumulative time 
(day) 










Column A 06/17/19 6/17/19 12:00 125.0   817.5 2600 2566.67 480 429 
Column A 06/19/19 6/19/19 11:00 127.0   817.5   2566.67   429 
Column A 06/21/19 6/21/19 12:30 129.0   817.5   2566.67   429 
Column A 06/24/19 6/24/19 13:00 132.0 817 817.5   2566.67   429 
Column A 06/26/19 6/26/19 12:00 134.0   817.5   2566.67   429 
Column A 06/28/19 6/28/19 12:00 136.0   817.5   2566.67   429 
Column A 07/01/19 7/1/19 13:00 139.0   817.5   2566.67   429 
Column A 07/03/19 7/3/19 8:30 140.9   817.5   2566.67   429 
Column A 07/05/19 7/5/19 10:20 142.9   817.5   2566.67   429 
Column A 07/08/19 7/8/19 12:30 146.0   817.5   2566.67   429 




Sample ID  Date/ Time 
Cumulative time 
(day) 










Column A 07/12/19 7/12/19 13:00 150.0   817.5   2566.67   429 
Column A 07/15/19 7/15/19 11:00 153.0   817.5   2566.67   429 
Column A 07/17/19 7/17/19 11:00 155.0   817.5   2566.67   429 
Column A 07/19/19 7/19/19 13:00 157.0   817.5   2566.67   429 
Column A 07/22/19 7/22/19 12:30 160.0 2220 817.5   2566.67   429 
Column A 07/24/19 7/24/19 10:00 161.9   817.5   2566.67   429 
Column A 07/26/19 7/26/19 11:00 164.0 969 817.5   2566.67   429 
Column A 08/02/19 8/2/19 12:00 171.0   817.5   2566.67   429 
Column A 08/05/19 8/5/19 11:30 174.0   817.5   2566.67   429 
Column A 08/09/19 8/9/19 12:00 178.0   817.5   2566.67   429 




Sample ID  Date/ Time 
Cumulative time 
(day) 










Column A 08/14/19 8/14/19 10:00 182.9   817.5   2566.67   429 
Column A 08/16/19 8/16/19 12:00 185.0   817.5   2566.67   429 
Column A 08/19/19 8/19/19 13:00 188.0   817.5   2566.67   429 
Column A 08/21/19 8/21/19 11:00 190.0   817.5   2566.67   429 
Column A 08/23/19 8/23/19 9:00 191.9   817.5   2566.67   429 
Column A 08/26/19 8/26/19 9:00 194.9   817.5 2700 2566.67 450 429 
Column A 08/28/19 8/28/19 8:00 196.8   817.5   2566.67   429 
Column A 08/30/19  8/30/19 11:00 199.0   817.5   2566.67   429 
Column A 09/02/19 9/2/19 10:30 201.9   817.5   2566.67   429 
Column A 09/04/19 9/4/19 7:30 203.8   817.5   2566.67   429 




Sample ID  Date/ Time 
Cumulative time 
(day) 










Column A 09/09/19 9/9/19 8:30 208.9   817.5   2566.67   429 
Column A 09/11/19 9/11/19 10:30 210.9   817.5   2566.67   429 
Column A 09/13/19 9/13/19 10:45 212.9   817.5   2566.67   429 
Column A 09/16/19 9/16/19 10:40 215.9   817.5   2566.67   429 
Column A 09/19/19 9/19/19 8:30 218.9   817.5 2600 2566.67 330 429 
Column A 09/21/19 9/21/19 10:00 220.9   817.5   2566.67   429 
Column A 09/23/19 9/23/19 8:00 222.8   817.5   2566.67   429 
Column A 09/25/19 9/25/19 10:30 224.9   817.5   2566.67   429 
Column A 09/27/19 9/27/19 10:00 226.9   817.5   2566.67   429 
Column A 09/30/19 9/30/19 13:00 230.0   817.5   2566.67   429 




Sample ID  Date/ Time 
Cumulative time 
(day) 










Column A 10/05/19 10/5/19 10:00 234.9   817.5   2566.67   429 
Column A 10/07/19 10/7/19 14:30 237.1   817.5   2566.67   429 
Column A 10/09/19 10/9/19 13:40 239.1   817.5 2700 2566.67 420 429 
Column A 10/12/19  10/12/19 3:30 241.6   817.5 2800 2566.67 420 429 
Column A 10/14/19 10/14/19 15:40 244.2   817.5   2566.67   429 
Column A 10/16/19 10/16/19 15:00 246.1   817.5   2566.67   429 
Column A 10/18/19  10/18/19 16:00 248.2   817.5   2566.67   429 
Column A 10/21/19 10/21/19 8:00 250.8   817.5   2566.67   429 
Column A 10/23/19 10/23/19 8:20 252.8   817.5   2566.67   429 
Column A 10/25/19 10/25/19 8:30 254.9   817.5   2566.67   429 




Sample ID  Date/ Time 
Cumulative time 
(day) 










Column A 10/30/19 10/30/19 10:30 259.9   817.5   2566.67   429 
Column A 11/01/19 11/1/19 8:15 261.8   817.5   2566.67   429 
Column A 11/04/19 11/4/19 7:45 264.8   817.5   2566.67   429 
Column A 11/06/19 11/6/19 10:40 266.9   817.5   2566.67   429 
Column A 11/08/19 11/8/19 9:00 268.9   817.5   2566.67   429 
Column A 11/11/19 11/11/19 8:00 271.8   817.5   2566.67   429 
Column A 11/13/19 11/13/19 14:30 274.1   817.5   2566.67   429 
Column A 11/15/19 11/15/19 9:25 275.9   817.5   2566.67   429 
Column A 11/18/19 11/18/19 9:30 278.9   817.5   2566.67   429 
Column A 11/20/19 11/20/19 8:30 280.9   817.5   2566.67   429 




Sample ID  Date/ Time 
Cumulative time 
(day) 










Column A 11/26/19 11/26/19 8:18 286.8 2420 2538.33   10200   1560 
Column A 11/28/19 11/28/19 14:02 289.1 2470 2538.33   10200   1560 
Column A 11/30/19 11/30/19 10:30 290.9   2538.33   10200   1560 
Column A 12/02/19 12/2/19 9:36 292.9   2538.33   10200   1560 
Column A 12/04/19 12/4/19 10:30 294.9   2538.33   10200   1560 
Column A 12/06/19 12/6/19 11:30 297.0   2538.33   10200   1560 
Column A 12/09/19 12/9/19 8:30 299.9 873 2538.33   10200   1560 
Column A 12/11/19 12/11/19 8:00 301.8   2538.33   10200   1560 
Column A 12/13/19 12/13/19 11:00 304.0   2538.33   10200   1560 
Column A 12/16/19 12/16/19 14:01 307.1   2538.33   10200   1560 




Sample ID  Date/ Time 
Cumulative time 
(day) 










Column A 12/20/19 12/20/19 9:46 310.9   2538.33   10200   1560 
Column A 12/25/19 12/25/19 10:30 315.9   2538.33   10200   1560 
Column A 12/27/19 12/27/19 8:32 317.9   2538.33   10200   1560 
Column A 12/30/19 12/30/19 10:52 321.0   2538.33   10200   1560 
Column A 01/1/20 1/1/20 12:48 323.0   2538.33   10200   1560 
Column A 01/03/20 1/3/20 15:56 325.2   2538.33   10200   1560 
Column A 01/06/20 1/6/20 15:34 328.1   2538.33   10200   1560 
Column A 01/10/20 1/10/20 9:07 331.9   2538.33   10200   1560 
Column A 01/17/20 1/17/20 13:00 339.0 2680 2538.33   10200   1560 
Column A 01/20/20 1/20/20 11:00 342.0   2538.33   10200   1560 




Sample ID  Date/ Time 
Cumulative time 
(day) 










Column A 01/24/20 1/24/20 11:00 346.0   2538.33   10200   1560 
Column A 01/27/20 1/27/20 14:00 349.1   2538.33   10200   1560 
Column A 01/31/20 1/31/20 8:40 352.9   2538.33 10000 10200 1400 1560 
Column A 02/04/20 2/4/20 15:35 357.1 2410 2538.33 10000 10200 1500 1560 
Column A 02/07/20 2/7/20 8:20 359.8   2538.33   10200   1560 
Column A 02/11/20 2/11/20 14:00 364.1   2538.33   10200   1560 
Column A 02/14/20 2/14/20 11:10 367.0   2538.33   10200   1560 
Column A 02/18/20 2/18/20 15:12 371.1 2590 2538.33 11000 10200 1600 1560 
Column A 02/21/20 2/21/20 11:00 374.0   2538.33   10200   1560 
Column A 02/25/20 2/25/20 14:00 378.1   2538.33   10200   1560 






Sample ID  Date/ Time 
Cumulative 
time (day) 

















RECIRCULATION 2/12/19 12:00 0.0                       
Test Started 3/9/19 13:10 25.0                       
Column A 03/11/19 3/11/19 13:08 27.0       830       870 2080   1398.50 
Column A 03/13/19 3/13/19 10:23 28.9                       
Column A 03/15/19 3/15/19 14:30 31.1                 2230     
Column A 03/19/19 3/19/19 12:30 35.0                 2280     
Column A 03/23/19 3/23/19 12:40 39.0                 2330     
Column A 03/25/19 3/25/19 12:00 41.0                       
Column A 03/27/19 3/27/19 12:10 43.0       2100       850 2240   865.70 




Column A 04/02/19 4/2/19 17:30 49.2                 2380     
Column A 04/04/19 4/4/19 11:10 51.0                 2710     
Column A 04/06/19 4/6/19 11:10 53.0                 2820     
Column A 04/09/19 4/9/19 14:14 56.1                 2860     
Column A 04/11/19 4/11/19 18:15 58.3       280       820 2950 2700 1650.17 
Column A 04/19/19 4/19/19 10:32 65.9                       
Column A 04/21/19 4/21/19 18:30 68.3       300       400     1791.52 
Column A 04/28/19 4/28/19 16:46 75.2                       
Column A 05/02/19 5/2/19 14:37 79.1                 2140     
Column A 05/04/19 5/4/19 12:00 81.0                       
Column A 05/09/19 5/9/19 18:00 86.3 
 
                    
Column A 05/17/19 5/17/19 20:51 94.4                     
Column A 05/21/19 5/21/19 11:00 98.0                       




Column A 05/29/19 5/29/19 11:30 106.0                       
Column A 05/31/19 5/31/19 10:00 107.9       410       400     1744.75 
Column A 06/03/19 6/3/19 11:00 111.0                 2210     
Column A 06/05/19 6/5/19 11:00 113.0                       
Column A 06/07/19 6/7/19 11:00 115.0       360       110     1869.48 
Column A 06/12/19 6/12/19 11:00 120.0                 1920     
Column A 06/14/19 6/14/19 13:00 122.0                       
Column A 06/17/19 6/17/19 12:00 125.0   1.51   0.235       280     1961.78 
Column A 06/19/19 6/19/19 11:00 127.0                       
Column A 06/21/19 6/21/19 12:30 129.0   1.56 < 0.2       250 1930 1800 1972.50 
Column A 06/24/19 6/24/19 13:00 132.0               140 2320   2011.83 
Column A 06/26/19 6/26/19 12:00 134.0   1.55 < 0.2       170     2001.04 
Column A 06/28/19 6/28/19 12:00 136.0                       




Column A 07/03/19 7/3/19 8:30 140.9                       
Column A 07/05/19 7/5/19 10:20 142.9                       
Column A 07/08/19 7/8/19 12:30 146.0   1.69   0.33       0.49     2061.46 
Column A 07/10/19 7/10/19 12:00 148.0                 2440     
Column A 07/12/19 7/12/19 13:00 150.0   1.6 < 0.2     < 0.05     2061.67 
Column A 07/15/19 7/15/19 11:00 153.0       0.37     < 0.05     2061.60 
Column A 07/17/19 7/17/19 11:00 155.0   1.18 < 0.2       0.081     2061.66 
Column A 07/19/19 7/19/19 13:00 157.0                   1900   
Column A 07/22/19 7/22/19 12:30 160.0       0.225         2150     
Column A 07/24/19 7/24/19 10:00 161.9       33.9       55     2027.74 
Column A 07/26/19 7/26/19 11:00 164.0                 2240     
Column A 08/02/19 8/2/19 12:00 171.0   0.337 < 0.2       22     2053.84 
Column A 08/05/19 8/5/19 11:30 174.0   0.126   0.52     < 0.05     2061.54 




Column A 08/12/19 8/12/19 14:00 181.1                       
Column A 08/14/19 8/14/19 10:00 182.9                 1410     
Column A 08/16/19 8/16/19 12:00 185.0   1498.8   1400       310     1355.97 
Column A 08/19/19 8/19/19 13:00 188.0                       
Column A 08/21/19 8/21/19 11:00 190.0                 978     
Column A 08/23/19 8/23/19 9:00 191.9   3132.5   2700       480     742.62 
Column A 08/26/19 8/26/19 9:00 194.9                 890 730   
Column A 08/28/19 8/28/19 8:00 196.8   2761.8   2400       490     866.59 
Column A 08/30/19  8/30/19 11:00 199.0                       
Column A 09/02/19 9/2/19 10:30 201.9   1759.5   1700   400.388   440 1310   1182.04 
Column A 09/04/19 9/4/19 7:30 203.8                       
Column A 09/06/19 9/6/19 8:00 205.8                 1540     
Column A 09/09/19 9/9/19 8:30 208.9   953   950   403.327   430 1600 1400 1504.47 




Column A 09/13/19 9/13/19 10:45 212.9                 1630     
Column A 09/16/19 9/16/19 10:40 215.9   814.175   780       500     1551.77 
Column A 09/19/19 9/19/19 8:30 218.9       630       440     1636.95 
Column A 09/21/19 9/21/19 10:00 220.9       970       440 1590   1492.40 
Column A 09/23/19 9/23/19 8:00 222.8       820       450     1552.60 
Column A 09/25/19 9/25/19 10:30 224.9                       
Column A 09/27/19 9/27/19 10:00 226.9                       
Column A 09/30/19 9/30/19 13:00 230.0       830       440     1551.92 
Column A 10/02/19 10/2/19 13:30 232.1                 1580     
Column A 10/05/19 10/5/19 10:00 234.9                       
Column A 10/07/19 10/7/19 14:30 237.1       490       430     1700.04 
Column A 10/09/19 10/9/19 13:40 239.1                       
Column A 10/12/19  10/12/19 3:30 241.6                       




Column A 10/16/19 10/16/19 15:00 246.1                       
Column A 10/18/19  10/18/19 16:00 248.2       14       380 2010 1600 1920.25 
Column A 10/21/19 10/21/19 8:00 250.8                       
Column A 10/23/19 10/23/19 8:20 252.8   103.7   45   283.288   380     1907.07 
Column A 10/25/19 10/25/19 8:30 254.9                       
Column A 10/28/19 10/28/19 8:10 257.8                       
Column A 10/30/19 10/30/19 10:30 259.9   0.212   0.34   95.091   100     2025.95 
Column A 11/01/19 11/1/19 8:15 261.8                 2070     
Column A 11/04/19 11/4/19 7:45 264.8   5.51   5.3   95.928   110     2020.28 
Column A 11/06/19 11/6/19 10:40 266.9                       
Column A 11/08/19 11/8/19 9:00 268.9                       
Column A 11/11/19 11/11/19 8:00 271.8   13.7 < 0.1   268.5   180     1997.51 
Column A 11/13/19 11/13/19 14:30 274.1                       




Column A 11/18/19 11/18/19 9:30 278.9   12.4   12.4 < 0.05   0.05 2120   2056.49 
Column A 11/20/19 11/20/19 8:30 280.9                       
Column A 11/22/19 11/22/19 8:15 282.8                       
Column A 11/26/19 11/26/19 8:18 286.8   65.4   65.4   254.2   254.2       
Column A 11/28/19 11/28/19 14:02 289.1                       
Column A 11/30/19 11/30/19 10:30 290.9                       
Column A 12/02/19 12/2/19 9:36 292.9   6752.1   6800   1379.5   1400 3280   4040.93 
Column A 12/04/19 12/4/19 10:30 294.9                       
Column A 12/06/19 12/6/19 11:30 297.0                       
Column A 12/09/19 12/9/19 8:30 299.9   10471.2   6300   2430.6   1700 3990   4146.47 
Column A 12/11/19 12/11/19 8:00 301.8                       
Column A 12/13/19 12/13/19 11:00 304.0                       
Column A 12/16/19 12/16/19 14:01 307.1   5059.77   7000   1184.95   1500 3890   3920.22 




Column A 12/20/19 12/20/19 9:46 310.9                       
Column A 12/25/19 12/25/19 10:30 315.9   5210.54   5210.541   1238.37   1238.37 4120   4774.35 
Column A 12/27/19 12/27/19 8:32 317.9                       
Column A 12/30/19 12/30/19 10:52 321.0   5641.38   5641.377   1243.47   1243.47 4070   4589.36 
Column A 01/1/20 1/1/20 12:48 323.0                       
Column A 01/03/20 1/3/20 15:56 325.2                       
Column A 01/06/20 1/6/20 15:34 328.1   5212.56   6700   1232.9   1600 4110   4012.09 
Column A 01/10/20 1/10/20 9:07 331.9                       
Column A 01/17/20 1/17/20 13:00 339.0                 2870     
Column A 01/20/20 1/20/20 11:00 342.0       8100       1600 3850   3416.88 
Column A 01/22/20 1/22/20 11:00 344.0                       
Column A 01/24/20 1/24/20 11:00 346.0                       
Column A 01/27/20 1/27/20 14:00 349.1       12000       1600 3980   1758.79 




Column A 02/04/20 2/4/20 15:35 357.1       4700       1500 4180   4898.06 
Column A 02/07/20 2/7/20 8:20 359.8       7600       1400 4710   3700.81 
Column A 02/11/20 2/11/20 14:00 364.1                       
Column A 02/14/20 2/14/20 11:10 367.0       7400       1500 4230   3750.16 
Column A 02/18/20 2/18/20 15:12 371.1                       
Column A 02/21/20 2/21/20 11:00 374.0                 4140     
Column A 02/25/20 2/25/20 14:00 378.1       7100       1600 4120   3842.03 






Table B.2 – Expected chloride concentrations for Column B 
Sample ID  Date/ Time 
Cumulative time 
(day) 






AVG Results (mg/L) AVG 
RECIRCULATION 2/12/19 12:00 0.0             
Test Started  3/9/19 13:10 25.0   817.5   2566.67   429 
Column B 03/11/19 3/11/19 13:08 27.0   817.5   2566.67   429 
Column B 03/13/19 3/13/19 10:23 28.9   817.5   2566.67   429 
Column B 03/15/19 3/15/19 14:30 31.1   817.5   2566.67   429 
Column B 03/19/19 3/19/19 12:30 35.0   817.5   2566.67   429 
Column B 03/23/19 3/23/19 12:40 39.0   817.5   2566.67   429 
Column B 03/25/19 3/25/19 12:10 41.0   817.5   2566.67   429 
Column B 03/27/19 3/27/19 12:30 43.0   817.5   2566.67   429 




Sample ID  Date/ Time 
Cumulative time 
(day) 






AVG Results (mg/L) AVG 
Column B 04/02/19 4/2/19 17:30 49.2   817.5   2566.67   429 
Column B 04/04/19 4/4/19 11:10 51.0   817.5   2566.67   429 
Column B 04/06/19 4/6/19 11:10 53.0   817.5   2566.67   429 
Column B 04/09/19 4/9/19 14:14 56.1   817.5   2566.67   429 
Column B 04/11/19 4/11/19 18:15 58.3   817.5   2566.67   429 
Column B 04/19/19 4/19/19 10:32 65.9   817.5   2566.67   429 
Column B 04/21/19 4/21/19 18:30 68.3   817.5   2566.67   429 
Column B 04/28/19 4/28/19 16:46 75.2   817.5   2566.67   429 
Column B 05/02/19 5/2/19 14:37 79.1   817.5   2566.67   429 
Column B 05/04/19 5/4/19 12:00 81.0   817.5   2566.67   429 




Sample ID  Date/ Time 
Cumulative time 
(day) 






AVG Results (mg/L) AVG 
Column B 05/17/19 5/17/19 20:51 94.4 817.5   2566.67   429 
Column B 05/21/19 5/21/19 11:00 98.0   817.5   2566.67   429 
Column B 05/27/19 5/27/19 9:30 103.9   817.5   2566.67   429 
Column B 05/29/19 5/29/19 11:30 106.0 814 817.5   2566.67   429 
Column B 05/31/19 5/31/19 10:00 107.9   817.5   2566.67   429 
Column B 06/03/19 6/3/19 11:00 111.0   817.5   2566.67   429 
Column B 06/05/19 6/5/19 11:00 113.0   817.5   2566.67   429 
Column B 06/07/19 6/7/19 11:00 115.0   817.5   2566.67   429 
Column B 06/10/19 6/10/19 12:00 118.0   817.5   2566.67   429 
Column B 06/12/19 6/12/19 11:00 120.0 817.5 817.5   2566.67   429 




Sample ID  Date/ Time 
Cumulative time 
(day) 






AVG Results (mg/L) AVG 
Column B 06/17/19 6/17/19 12:00 125.0   817.5   2566.67   429 
Column B 06/19/19 6/19/19 11:00 127.0   817.5   2566.67   429 
Column B 06/21/19 6/21/19 12:30 129.0 817 817.5   2566.67   429 
Column B 06/24/19  6/24/19 13:00 132.0   817.5   2566.67   429 
Column B 06/26/19 6/26/19 12:00 134.0   817.5   2566.67   429 
Column B 06/28/19 6/28/19 12:00 136.0   817.5   2566.67   429 
Column B 07/01/19 7/1/19 13:00 139.0   817.5   2566.67   429 
Column B 07/03/19 7/3/19 8:30 140.9   817.5   2566.67   429 
Column B 07/05/19 7/5/19 10:20 142.9   817.5   2566.67   429 
Column B 07/08/19 7/8/19 12:30 146.0   817.5   2566.67   429 




Sample ID  Date/ Time 
Cumulative time 
(day) 






AVG Results (mg/L) AVG 
Column B 07/12/19 7/12/19 13:00 150.0   817.5   2566.67   429 
Column B 07/15/19 7/15/19 11:00 153.0   817.5   2566.67   429 
Column B 07/17/19 7/17/19 11:00 155.0   817.5   2566.67   429 
Column B 07/19/19 7/19/19 13:00 157.0 2220 817.5   2566.67   429 
Column B 07/22/19 7/22/19 12:30 160.0   817.5   2566.67   429 
Column B 07/24/19 7/24/19 10:00 161.9 969 817.5   2566.67   429 
Column B 07/26/19 7/26/19 11:00 164.0   817.5   2566.67   429 
Column B 08/02/19 8/2/19 12:00 171.0   817.5   2566.67   429 
Column B 08/05/19 8/5/19 11:30 174.0   817.5   2566.67   429 
Column B 08/09/19 8/9/19 12:00 178.0   817.5   2566.67   429 




Sample ID  Date/ Time 
Cumulative time 
(day) 






AVG Results (mg/L) AVG 
Column B 08/14/19 8/14/19 10:00 182.9   817.5   2566.67   429 
Column B 08/16/19 8/16/19 12:00 185.0   817.5   2566.67   429 
Column B 08/19/19 8/19/19 13:00 188.0   817.5   2566.67   429 
Column B 08/21/19 8/21/19 11:00 190.0   817.5   2566.67   429 
Column B 08/23/19 8/23/19 9:00 191.9   817.5 2700 2566.67 450 429 
Column B 08/26/19 8/26/19 9:00 194.9   817.5   2566.67   429 
Column B 08/28/19 8/28/19 8:00 196.8   817.5   2566.67   429 
Column B 08/30/19  8/30/19 11:00 199.0   817.5   2566.67   429 
Column B 09/02/19 9/2/19 10:30 201.9   817.5   2566.67   429 
Column B 09/04/19 9/4/19 7:30 203.8   817.5   2566.67   429 




Sample ID  Date/ Time 
Cumulative time 
(day) 






AVG Results (mg/L) AVG 
Column B 09/09/19 9/9/19 8:30 208.9   817.5   2566.67   429 
Column B 09/11/19 9/11/19 10:30 210.9   817.5   2566.67   429 
Column B 09/13/19 9/13/19 10:45 212.9   817.5   2566.67   429 
Column B 09/16/19 9/16/19 10:40 215.9   817.5 2600 2566.67 330 429 
Column B 09/19/19 9/19/19 8:30 218.9   817.5   2566.67   429 
Column B 09/21/19 9/21/19 10:00 220.9   817.5   2566.67   429 
Column B 09/23/19 9/23/19 8:00 222.8   817.5   2566.67   429 
Column B 09/25/19 9/25/19 10:30 224.9   817.5   2566.67   429 
Column B 09/27/19 9/27/19 10:00 226.9   817.5   2566.67   429 
Column B 09/30/19 9/30/19 13:00 230.0   817.5   2566.67   429 




Sample ID  Date/ Time 
Cumulative time 
(day) 






AVG Results (mg/L) AVG 
Column B 10/05/19 10/5/19 10:00 234.9   817.5   2566.67   429 
Column B 10/07/19 10/7/19 14:30 237.1   817.5 2700 2566.67 420 429 
Column B 10/09/19 10/9/19 13:40 239.1   817.5 2800 2566.67 420 429 
Column B 10/12/19  10/12/19 3:30 241.6   817.5   2566.67   429 
Column B 10/14/19 10/14/19 15:40 244.2   817.5   2566.67   429 
Column B 10/16/19 10/16/19 15:00 246.1   817.5   2566.67   429 
Column B 10/18/19  10/18/19 16:00 248.2   817.5   2566.67   429 
Column B 10/21/19 10/21/19 8:00 250.8   817.5   2566.67   429 
Column B 10/23/19 10/23/19 8:20 252.8   817.5   2566.67   429 
Column B 10/25/19 10/25/19 8:30 254.9   817.5   2566.67   429 




Sample ID  Date/ Time 
Cumulative time 
(day) 






AVG Results (mg/L) AVG 
Column B 10/30/19 10/30/19 10:30 259.9   817.5   2566.67   429 
Column B 11/01/19 11/1/19 8:15 261.8   817.5   2566.67   429 
Column B 11/04/19 11/4/19 7:45 264.8   817.5   2566.67   429 
Column B 11/06/19 11/6/19 10:40 266.9   817.5   2566.67   429 
Column B 11/08/19 11/8/19 9:00 268.9   817.5   2566.67   429 
Column B 11/11/19 11/11/19 8:00 271.8   817.5   2566.67   429 
Column B 11/13/19 11/13/19 14:30 274.1   817.5   2566.67   429 
Column B 11/15/19 11/15/19 9:25 275.9   817.5   2566.67   429 
Column B 11/18/19 11/18/19 9:30 278.9   817.5   2566.67   429 
Column B 11/20/19 11/20/19 8:30 280.9 670 817.5 2000 2566.67 474 429 




Sample ID  Date/ Time 
Cumulative time 
(day) 






AVG Results (mg/L) AVG 
Column B 11/26/19 11/26/19 8:18 286.8 2470 2538.33   10200   1560 
Column B 11/28/19 11/28/19 14:02 289.1   2538.33   10200   1560 
Column B 11/30/19 11/30/19 10:30 290.9   2538.33   10200   1560 
Column B 12/02/19 12/2/19 9:36 292.9   2538.33   10200   1560 
Column B 12/04/19 12/4/19 10:30 294.9   2538.33   10200   1560 
Column B 12/06/19 12/6/19 11:30 297.0 873 2538.33   10200   1560 
Column B 12/09/19 12/9/19 8:30 299.9   2538.33   10200   1560 
Column B 12/11/19 12/11/19 8:00 301.8   2538.33   10200   1560 
Column B 12/13/19 12/13/19 11:00 304.0   2538.33   10200   1560 
Column B 12/16/19 12/16/19 14:01 307.1 2538.33 2538.33 10000 10200 1700 1560 




Sample ID  Date/ Time 
Cumulative time 
(day) 






AVG Results (mg/L) AVG 
Column B 12/20/19 12/20/19 9:46 310.9   2538.33   10200   1560 
Column B 12/25/19 12/25/19 10:30 315.9   2538.33   10200   1560 
Column B 12/27/19 12/27/19 8:32 317.9   2538.33   10200   1560 
Column B 12/30/19 12/30/19 10:52 321.0   2538.33   10200   1560 
Column B 1/1/20 1/1/20 12:48 323.0   2538.33   10200   1560 
Column B 1/03/20 1/3/20 15:56 325.2   2538.33   10200   1560 
Column B 1/06/20 1/6/20 15:34 328.1   2538.33   10200   1560 
Column B 1/10/20 1/10/20 9:07 331.9 2680 2538.33   10200   1560 
Column B 01/17/20 1/17/20 13:00 339.0   2538.33   10200   1560 
Column B 01/20/20 1/20/20 11:00 342.0   2538.33   10200   1560 




Sample ID  Date/ Time 
Cumulative time 
(day) 






AVG Results (mg/L) AVG 
Column B 01/24/20 1/24/20 11:00 346.0   2538.33   10200   1560 
Column B 01/27/20 1/27/20 14:00 349.1   2538.33 10000 10200 1400 1560 
Column B 01/31/20 1/31/20 8:40 352.9 2410 2538.33 10000 10200 1500 1560 
Column B 02/04/20 2/4/20 15:35 357.1   2538.33   10200   1560 
Column B 02/07/20 2/7/20 8:20 359.8   2538.33   10200   1560 
Column B 02/11/20 2/11/20 14:00 364.1   2538.33   10200   1560 
Column B 02/14/20 2/14/20 11:10 367.0 2590 2538.33 11000 10200 1600 1560 
Column B 02/18/20 2/18/20 15:12 371.1   2538.33   10200   1560 
Column B 02/21/20 2/21/20 11:00 374.0   2538.33   10200   1560 
Column B 02/25/20 2/25/20 14:00 378.1 2660 2538.33 10000 10200 1600 1560 






Sample ID  Date/ Time 

















RECIRCULATION 2/12/19 12:00                       
Test Started  3/9/19 13:10                       
Column B 03/11/19 3/11/19 13:08                       
Column B 03/13/19 3/13/19 10:23       880       790 2120   1405.79 
Column B 03/15/19 3/15/19 14:30                 1790     
Column B 03/19/19 3/19/19 12:30                 2160     
Column B 03/23/19 3/23/19 12:40                 2200     
Column B 03/25/19 3/25/19 12:10                 1240     
Column B 03/27/19 3/27/19 12:30       1300       770 2280   1234.36 




Sample ID  Date/ Time 

















Column B 04/02/19 4/2/19 17:30                 2310     
Column B 04/04/19 4/4/19 11:10                 220     
Column B 04/06/19 4/6/19 11:10                 2350     
Column B 04/09/19 4/9/19 14:14                 2350     
Column B 04/11/19 4/11/19 18:15       1800       830 2340 2200 1000.38 
Column B 04/19/19 4/19/19 10:32                       
Column B 04/21/19 4/21/19 18:30       120       370     1878.75 
Column B 04/28/19 4/28/19 16:46                       
Column B 05/02/19 5/2/19 14:37                 2010.00     
Column B 05/04/19 5/4/19 12:00                       




Sample ID  Date/ Time 

















Column B 05/17/19 5/17/19 20:51                     
Column B 05/21/19 5/21/19 11:00                       
Column B 05/27/19 5/27/19 9:30                 2020     
Column B 05/29/19 5/29/19 11:30                       
Column B 05/31/19 5/31/19 10:00       410       410     1741.19 
Column B 06/03/19 6/3/19 11:00                 1920     
Column B 06/05/19 6/5/19 11:00                       
Column B 06/07/19 6/7/19 11:00       210       620     1751.29 
Column B 06/10/19 6/10/19 12:00                 2230     
Column B 06/12/19 6/12/19 11:00                       




Sample ID  Date/ Time 

















Column B 06/17/19 6/17/19 12:00   1.91 < 0.2       330     1943.95 
Column B 06/19/19 6/19/19 11:00                       
Column B 06/21/19 6/21/19 12:30   1.92 < 0.2       270 1980 1800 1965.36 
Column B 06/24/19  6/24/19 13:00               150     2008.26 
Column B 06/26/19 6/26/19 12:00   2.23 < 0.2       200     1990.34 
Column B 06/28/19 6/28/19 12:00                       
Column B 07/01/19 7/1/19 13:00   148             2510     
Column B 07/03/19 7/3/19 8:30                       
Column B 07/05/19 7/5/19 10:20                       
Column B 07/08/19 7/8/19 12:30   2.3 < 0.2       72     2036.00 




Sample ID  Date/ Time 

















Column B 07/12/19 7/12/19 13:00   1.65 < 0.2       3.9     2060.30 
Column B 07/15/19 7/15/19 11:00               4.8     2060.07 
Column B 07/17/19 7/17/19 11:00   1.07 < 0.2       25     2052.77 
Column B 07/19/19 7/19/19 13:00                   1900   
Column B 07/22/19 7/22/19 12:30                 2010     
Column B 07/24/19 7/24/19 10:00               42     2046.79 
Column B 07/26/19 7/26/19 11:00                       
Column B 08/02/19 8/2/19 12:00   0.083 < 0.2       22     2053.84 
Column B 08/05/19 8/5/19 11:30   0.22 < 0.2     < 0.05     2061.67 
Column B 08/09/19 8/9/19 12:00                       




Sample ID  Date/ Time 

















Column B 08/14/19 8/14/19 10:00                 2070     
Column B 08/16/19 8/16/19 12:00   95.58   100       50     2001.42 
Column B 08/19/19 8/19/19 13:00                       
Column B 08/21/19 8/21/19 11:00                 905     
Column B 08/23/19 8/23/19 9:00   3491.5   2600       470     788.70 
Column B 08/26/19 8/26/19 9:00                 855 780   
Column B 08/28/19 8/28/19 8:00   2690.9   2400       510     859.46 
Column B 08/30/19  8/30/19 11:00                       
Column B 09/02/19 9/2/19 10:30   1618   1600   391.911   430 1190   1228.12 
Column B 09/04/19 9/4/19 7:30                       




Sample ID  Date/ Time 

















Column B 09/09/19 9/9/19 8:30   1170   1200   400.331   440 1520 1400 1394.61 
Column B 09/11/19 9/11/19 10:30                       
Column B 09/13/19 9/13/19 10:45                 1500     
Column B 09/16/19 9/16/19 10:40   1430.9   1300       510     1327.12 
Column B 09/19/19 9/19/19 8:30       1300       440     1352.10 
Column B 09/21/19 9/21/19 10:00       1300       460 1340   1344.96 
Column B 09/23/19 9/23/19 8:00       1100       450     1433.56 
Column B 09/25/19 9/25/19 10:30                       
Column B 09/27/19 9/27/19 10:00                       
Column B 09/30/19 9/30/19 13:00       730       400     1608.71 




Sample ID  Date/ Time 

















Column B 10/05/19 10/5/19 10:00                       
Column B 10/07/19 10/7/19 14:30       280       400     1800.02 
Column B 10/09/19 10/9/19 13:40                       
Column B 10/12/19  10/12/19 3:30                       
Column B 10/14/19 10/14/19 15:40       0.4       310     1951.00 
Column B 10/16/19 10/16/19 15:00                       
Column B 10/18/19  10/18/19 16:00       0.15       200 2000 1800 1990.36 
Column B 10/21/19 10/21/19 8:00                       
Column B 10/23/19 10/23/19 8:20   16.8   12   293.987   280     1956.78 
Column B 10/25/19 10/25/19 8:30                       




Sample ID  Date/ Time 

















Column B 10/30/19 10/30/19 10:30   1.22 < 0.1   25.468   31     2050.68 
Column B 11/01/19 11/1/19 8:15                 2070     
Column B 11/04/19 11/4/19 7:45   1.01 < 0.1   0.659   0.44     2061.58 
Column B 11/06/19 11/6/19 10:40                       
Column B 11/08/19 11/8/19 9:00                       
Column B 11/11/19 11/11/19 8:00 < 0.05 < 0.1 < 0.05   0.5     2061.56 
Column B 11/13/19 11/13/19 14:30                       
Column B 11/15/19 11/15/19 9:25                       
Column B 11/18/19 11/18/19 9:30   17.5   17.5 < 0.05   0.05 2110   2054.32 
Column B 11/20/19 11/20/19 8:30                       




Sample ID  Date/ Time 

















Column B 11/26/19 11/26/19 8:18 < 0.05   0.05   75.2   75.2     7404.59 
Column B 11/28/19 11/28/19 14:02                       
Column B 11/30/19 11/30/19 10:30                       
Column B 12/02/19 12/2/19 9:36   1518.4   1600   558.4   570 2590   6547.84 
Column B 12/04/19 12/4/19 10:30                       
Column B 12/06/19 12/6/19 11:30                       
Column B 12/09/19 12/9/19 8:30   4448.83   4500   1087.8   1200 3410   5090.13 
Column B 12/11/19 12/11/19 8:00                       
Column B 12/13/19 12/13/19 11:00                       
Column B 12/16/19 12/16/19 14:01   5843.41   6500   1139.24   1400 3720   4168.47 




Sample ID  Date/ Time 

















Column B 12/20/19 12/20/19 9:46                       
Column B 12/25/19 12/25/19 10:30   5599.41   5599.414   1171.63   1171.63 3900   4632.84 
Column B 12/27/19 12/27/19 8:32                       
Column B 12/30/19 12/30/19 10:52   6547   6546.996   1225.09   1225.09 3830   4210.90 
Column B 1/1/20 1/1/20 12:48                       
Column B 1/03/20 1/3/20 15:56                       
Column B 1/06/20 1/6/20 15:34   5919.69   6600   1209.42   1500 4100   4090.28 
Column B 1/10/20 1/10/20 9:07                       
Column B 01/17/20 1/17/20 13:00                       
Column B 01/20/20 1/20/20 11:00       8800       1600 3110   3119.27 




Sample ID  Date/ Time 

















Column B 01/24/20 1/24/20 11:00                       
Column B 01/27/20 1/27/20 14:00       7000       1600 3840   3884.54 
Column B 01/31/20 1/31/20 8:40                       
Column B 02/04/20 2/4/20 15:35       6900       1600 4190   3927.06 
Column B 02/07/20 2/7/20 8:20       7900       1500 4390   3537.58 
Column B 02/11/20 2/11/20 14:00                       
Column B 02/14/20 2/14/20 11:10       7500       1400 4180   3743.32 
Column B 02/18/20 2/18/20 15:12                       
Column B 02/21/20 2/21/20 11:00                 4320     
Column B 02/25/20 2/25/20 14:00       7300       1700 3890   3721.32 





Table B.3 – Expected chloride concentrations for Column C 
Sample ID  Date/ Time 
Cumulative time 
(day) 
Influent Chloride Influent Chlorate Influent Perchlorate 
Results 
(mg/L) 




RECIRCULATION 2/12/19 12:00 0.0             
Test Started  3/9/19 13:10 25.0   NA   612   73.4 
Column C 03/11/19 3/11/19 13:08 27.0   NA   612   73.4 
Column C 03/13/19 3/13/19 10:23 28.9   NA   612   73.4 
Column C 03/15/19 3/15/19 14:30 31.1   NA   612   73.4 
Column C 03/19/19 3/19/19 12:30 35.0   NA   612   73.4 
Column C 03/23/19 3/23/19 12:00 39.0   NA   612   73.4 
Column C 03/25/19 3/25/19 12:10 41.0   NA   612   73.4 
Column C 03/27/19 3/27/19 12:30 43.0   NA   612   73.4 




Sample ID  Date/ Time 
Cumulative time 
(day) 
Influent Chloride Influent Chlorate Influent Perchlorate 
Results 
(mg/L) 




Column C 04/02/19 4/2/19 17:30 49.2   NA   612   73.4 
Column C 04/04/19 4/4/19 11:10 51.0   NA   612   73.4 
Column C 04/06/19 4/6/19 11:10 53.0   NA   612   73.4 
Column C 04/09/19 4/9/19 14:14 56.1   NA   612   73.4 
Column C 04/11/19 4/11/19 18:15 58.3   NA   612   73.4 
Column C 04/19/19 4/19/19 10:32 65.9   NA   612   73.4 
Column C 04/21/19 4/21/19 18:30 68.3   NA   612   73.4 
Column C 04/28/19 4/28/19 16:46 75.2   NA   612   73.4 
Column C 05/02/19 5/2/19 14:37 79.1   NA   612   73.4 
Column C 05/04/19 5/4/19 12:00 81.0   NA   612   73.4 




Sample ID  Date/ Time 
Cumulative time 
(day) 
Influent Chloride Influent Chlorate Influent Perchlorate 
Results 
(mg/L) 




Column C 05/17/19 5/17/19 20:51 94.4 NA   612   73.4 
Column C 05/21/19 5/21/19 11:00 98.0   NA   612   73.4 
Column C 05/24/19 5/24/19 11:00 101.0   NA   612   73.4 
Column C 05/27/19 5/27/19 9:30 103.9   NA   612   73.4 
Column C 05/29/19 5/29/19 11:30 106.0   NA   612   73.4 
Column C 05/31/19 5/31/19 10:00 107.9   NA   612   73.4 
Column C 06/03/19 6/3/19 11:00 111.0   NA   612   73.4 
Column C 06/05/19 6/5/19 11:00 113.0   NA   612   73.4 
Column C 06/07/19 6/7/19 11:00 115.0   264   110   18 
Column C 06/10/19 6/10/19 12:00 118.0   264   110   18 




Sample ID  Date/ Time 
Cumulative time 
(day) 
Influent Chloride Influent Chlorate Influent Perchlorate 
Results 
(mg/L) 




Column C 06/14/19 6/14/19 13:00 122.0   264   110   18 
Column C 06/17/19 6/17/19 12:00 125.0   264   110   18 
Column C 06/19/19 6/19/19 11:00 127.0   264   110   18 
Column C 06/21/19 6/21/19 12:30 129.0   264   110   18 
Column C 06/24/19 6/24/19 13:00 132.0   264   110   18 
Column C 06/26/19 6/26/19 12:00 134.0   264   110   18 
Column C 06/28/19 6/28/19 12:00 136.0   264   110   18 
Column C 07/01/19 7/1/19 13:00 139.0   264   110   18 
Column C 07/03/19 7/3/19 8:30 140.9   264   110   18 
Column C 07/05/19 7/5/19 10:20 142.9   264   110   18 




Sample ID  Date/ Time 
Cumulative time 
(day) 
Influent Chloride Influent Chlorate Influent Perchlorate 
Results 
(mg/L) 




Column C 07/10/19 7/10/19 12:00 148.0   264   110   18 
Column C 07/12/19 7/12/19 13:00 150.0   264   110   18 
Column C 07/15/19 7/15/19 11:00 153.0   264   110   18 
Column C 07/17/19 7/17/19 11:00 155.0   264   110   18 
Column C 07/19/19 7/19/19 13:00 157.0   280   612   73.4 
Column C 07/22/19 7/22/19 12:30 160.0   280   612   73.4 
Column C 07/26/19 7/26/19 11:00 164.0   280   612   73.4 
Column C 08/02/19 8/2/19 12:00 171.0   280   612   73.4 
Column C 08/12/19 8/12/19 14:00 181.1   280   612   73.4 
Column C 08/19/19 8/19/19 13:00 188.0   280   612   73.4 




Sample ID  Date/ Time 
Cumulative time 
(day) 
Influent Chloride Influent Chlorate Influent Perchlorate 
Results 
(mg/L) 




Column C 08/23/19 8/23/19 9:00 191.9   280   612   73.4 
Column C 08/26/19 8/26/19 9:00 194.9   280 670 612 77 73.4 
Column C 08/28/19 8/28/19 8:00 196.8   280   612   73.4 
Column C 08/30/19  8/30/19 11:00 199.0   280   612   73.4 
Column C 09/02/19 9/2/19 10:30 201.9   280   612   73.4 
Column C 09/04/19 9/4/19 7:30 203.8   280   612   73.4 
Column C 09/06/19 9/6/19 8:00 205.8   280   612   73.4 
Column C 09/09/19 9/9/19 8:30 208.9   280   612   73.4 
Column C 09/11/19 9/11/19 10:30 210.9   280   612   73.4 
Column C 09/13/19 9/13/19 10:45 212.9   280   612   73.4 




Sample ID  Date/ Time 
Cumulative time 
(day) 
Influent Chloride Influent Chlorate Influent Perchlorate 
Results 
(mg/L) 




Column C 09/19/19 9/19/19 8:30 218.9   280 610 612 77 73.4 
Column C 09/21/19 9/21/19 10:00 220.9   280   612   73.4 
Column C 09/23/19 9/23/19 8:00 222.8   280   612   73.4 
Column C 09/25/19 9/25/19 10:30 224.9   280   612   73.4 
Column C 09/27/19 9/27/19 10:00 226.9   280   612   73.4 
Column C 09/30/19 9/30/19 13:00 230.0   280   612   73.4 
Column C 10/02/19 10/2/19 13:30 232.1   280   612   73.4 
Column C 10/05/19 10/5/19 10:00 234.9   280   612   73.4 
Column C 10/07/19 10/7/19 14:30 237.1   280   612   73.4 
Column C 10/09/19 10/9/19 13:40 239.1   280 540 612 74 73.4 




Sample ID  Date/ Time 
Cumulative time 
(day) 
Influent Chloride Influent Chlorate Influent Perchlorate 
Results 
(mg/L) 




Column C 10/14/19 10/14/19 15:40 244.2   280   612   73.4 
Column C 10/16/19 10/16/19 15:00 246.1   280   612   73.4 
Column C 10/18/19  10/18/19 16:00 248.2   280   612   73.4 
Column C 10/21/19 10/21/19 8:00 250.8   280   612   73.4 
Column C 10/23/19 10/23/19 8:20 252.8   280   612   73.4 
Column C 10/25/19 10/25/19 8:30 254.9   280   612   73.4 
Column C 10/28/19 10/28/19 8:10 257.8   280   612   73.4 
Column C 10/30/19 10/30/19 10:30 259.9   280   612   73.4 
Column C 11/01/19 11/1/19 8:15 261.8   280   612   73.4 
Column C 11/04/19 11/4/19 7:45 264.8   280   612   73.4 




Sample ID  Date/ Time 
Cumulative time 
(day) 
Influent Chloride Influent Chlorate Influent Perchlorate 
Results 
(mg/L) 




Column C 11/08/19 11/8/19 9:00 268.9   280   612   73.4 
Column C 11/11/19 11/11/19 8:00 271.8   280   612   73.4 
Column C 11/13/19 11/13/19 14:30 274.1   280   612   73.4 
Column C 11/15/19 11/15/19 9:25 275.9   280   612   73.4 
Column C 11/18/19 11/18/19 9:30 278.9   280   612   73.4 
Column C 11/20/19 11/20/19 8:30 280.9   280   612   73.4 
Column C 11/22/19 11/22/19 8:15 282.8 280 280 530 612 68 73.4 
Column C 11/26/19 11/26/19 8:18 286.8   2251   10325 827 1110.0 
Column C 11/28/19 11/28/19 14:02 289.1   2251   10325 1190 1110.0 
Column C 11/30/19 11/30/19 10:30 290.9   2251   10325   1110.0 




Sample ID  Date/ Time 
Cumulative time 
(day) 
Influent Chloride Influent Chlorate Influent Perchlorate 
Results 
(mg/L) 




Column C 12/04/19 12/4/19 10:30 294.9   2251   10325   1110.0 
Column C 12/06/19 12/6/19 11:30 297.0   2251   10325   1110.0 
Column C 12/09/19 12/9/19 8:30 299.9   2251   10325 1450 1110.0 
Column C 12/11/19 12/11/19 8:00 301.8   2251   10325   1110.0 
Column C 12/13/19 12/13/19 11:00 304.0   2251   10325   1110.0 
Column C 12/16/19 12/16/19 14:01 307.1   2251   10325   1110.0 
Column C 12/18/19 12/18/19 10:21 308.9 2400 2251 290 10325   1110.0 
Column C 12/20/19 12/20/19 9:46 310.9   2251   10325   1110.0 
Column C 12/23/19 12/23/2019 9:52 313.9   2251   10325   1110.0 
Column C 12/25/19 12/25/19 10:30 315.9   2251   10325   1110.0 




Sample ID  Date/ Time 
Cumulative time 
(day) 
Influent Chloride Influent Chlorate Influent Perchlorate 
Results 
(mg/L) 




Column C 12/30/19 12/30/19 10:52 321.0   2251   10325   1110.0 
Column C 01/01/20 1/1/20 12:48 323.0   2251   10325   1110.0 
Column C 01/03/20 1/3/20 15:56 325.2   2251   10325   1110.0 
Column C 01/06/20 1/6/20 15:34 328.1   2251   10325   1110.0 
Column C 01/10/20 1/10/20 9:07 331.9   2251   10325   1110.0 
Column C 01/17/20 1/17/20 13:00 339.0   2251   10325 3060 1110.0 
Column C 01/20/20 1/20/20 11:00 342.0   2251   10325   1110.0 
Column C 01/22/20 1/22/20 11:00 344.0   2251   10325   1110.0 
Column C 01/24/20 1/24/20 11:00 346.0   2251   10325   1110.0 
Column C 01/27/20 1/27/20 14:00 349.1   2251   10325   1110.0 




Sample ID  Date/ Time 
Cumulative time 
(day) 
Influent Chloride Influent Chlorate Influent Perchlorate 
Results 
(mg/L) 




Column C 02/04/20 2/4/20 15:35 357.1 8000 2251 870 10325 1710 1110.0 
Column C 02/07/20 2/7/20 8:20 359.8   2251   10325   1110.0 
Column C 02/11/20 2/11/2020 14:00 364.1   2251   10325   1110.0 
Column C 02/14/20 2/14/2020 11:10 367.0   2251   10325   1110.0 
Column C 02/18/20 2/18/20 15:12 371.1 13000 2251 1400 10325 3120 1110.0 
Column C 02/21/20 2/21/20 11:00 374.0   2251   10325   1110.0 
Column C 02/25/20 2/25/20 14:00 378.1   2251   10325   1110.0 






Sample ID  Date/ Time 
Cumulative 
time (day) 


















RECIRCULATION 2/12/19 12:00 0.0                       
Test Started  3/9/19 13:10 25.0                       
Column C 03/11/19 3/11/19 13:08 27.0 2100         51       280   
Column C 03/13/19 3/13/19 10:23 28.9 1980                     
Column C 03/15/19 3/15/19 14:30 31.1 2330                     
Column C 03/19/19 3/19/19 12:30 35.0 2260                     
Column C 03/23/19 3/23/19 12:00 39.0 2470                     
Column C 03/25/19 3/25/19 12:10 41.0 2530                     
Column C 03/27/19 3/27/19 12:30 43.0 2260         2000       660   




Sample ID  Date/ Time 
Cumulative 
time (day) 


















Column C 04/02/19 4/2/19 17:30 49.2 2510                     
Column C 04/04/19 4/4/19 11:10 51.0 2580                     
Column C 04/06/19 4/6/19 11:10 53.0 2610                     
Column C 04/09/19 4/9/19 14:14 56.1 1810                     
Column C 04/11/19 4/11/19 18:15 58.3 1860 1700       1400       870   
Column C 04/19/19 4/19/19 10:32 65.9                       
Column C 04/21/19 4/21/19 18:30 68.3           1200       560   
Column C 04/28/19 4/28/19 16:46 75.2                       
Column C 05/02/19 5/2/19 14:37 79.1 2880                     
Column C 05/04/19 5/4/19 12:00 81.0                       




Sample ID  Date/ Time 
Cumulative 
time (day) 


















Column C 05/17/19 5/17/19 20:51 94.4                     
Column C 05/21/19 5/21/19 11:00 98.0                       
Column C 05/24/19 5/24/19 11:00 101.0 1800                     
Column C 05/27/19 5/27/19 9:30 103.9 2130                     
Column C 05/29/19 5/29/19 11:30 106.0                       
Column C 05/31/19 5/31/19 10:00 107.9           1500       420   
Column C 06/03/19 6/3/19 11:00 111.0 1040                     
Column C 06/05/19 6/5/19 11:00 113.0                       
Column C 06/07/19 6/7/19 11:00 115.0           0.96       560 116.98 
Column C 06/10/19 6/10/19 12:00 118.0 279                     




Sample ID  Date/ Time 
Cumulative 
time (day) 


















Column C 06/14/19 6/14/19 13:00 122.0                       
Column C 06/17/19 6/17/19 12:00 125.0       0.252 < 0.2     < 0.05 317.09 
Column C 06/19/19 6/19/19 11:00 127.0                       
Column C 06/21/19 6/21/19 12:30 129.0 249 230   0.243 < 0.2     < 0.05 317.09 
Column C 06/24/19 6/24/19 13:00 132.0 303               < 0.05 317.17 
Column C 06/26/19 6/26/19 12:00 134.0       0.2 < 0.2     < 0.05 317.09 
Column C 06/28/19 6/28/19 12:00 136.0                       
Column C 07/01/19 7/1/19 13:00 139.0 283                     
Column C 07/03/19 7/3/19 8:30 140.9                       
Column C 07/05/19 7/5/19 10:20 142.9                       




Sample ID  Date/ Time 
Cumulative 
time (day) 


















Column C 07/10/19 7/10/19 12:00 148.0 381                     
Column C 07/12/19 7/12/19 13:00 150.0       0.05 < 0.2     < 0.05 317.09 
Column C 07/15/19 7/15/19 11:00 153.0                 <  0.05 317.17 
Column C 07/17/19 7/17/19 11:00 155.0         < 0.2     < 0.05 317.09 
Column C 07/19/19 7/19/19 13:00 157.0   220                   
Column C 07/22/19 7/22/19 12:30 160.0 272                     
Column C 07/26/19 7/26/19 11:00 164.0 250               < 0.05 566.36 
Column C 08/02/19 8/2/19 12:00 171.0       0.376 < 0.2     < 0.05 566.28 
Column C 08/12/19 8/12/19 14:00 181.1       0.05   0.51     < 0.05 566.14 
Column C 08/19/19 8/19/19 13:00 188.0 250     0.05 < 0.2           




Sample ID  Date/ Time 
Cumulative 
time (day) 


















Column C 08/23/19 8/23/19 9:00 191.9       0.05   0.32       0.08 566.21 
Column C 08/26/19 8/26/19 9:00 194.9 253 213                   
Column C 08/28/19 8/28/19 8:00 196.8       0.05   0.5       0.17 566.11 
Column C 08/30/19  8/30/19 11:00 199.0                       
Column C 09/02/19 9/2/19 10:30 201.9 295     0.05 < 0.1 < 0.05 < 0.05 566.32 
Column C 09/04/19 9/4/19 7:30 203.8                       
Column C 09/06/19 9/6/19 8:00 205.8 356                     
Column C 09/09/19 9/9/19 8:30 208.9 647 280   0.05   0.29 < 0.05 < 0.05 566.24 
Column C 09/11/19 9/11/19 10:30 210.9                       
Column C 09/13/19 9/13/19 10:45 212.9 343                     




Sample ID  Date/ Time 
Cumulative 
time (day) 


















Column C 09/19/19 9/19/19 8:30 218.9         < 0.1     < 0.05 566.32 
Column C 09/21/19 9/21/19 10:00 220.9 459       < 0.1     < 0.05 566.32 
Column C 09/23/19 9/23/19 8:00 222.8           0.38       0.092 566.19 
Column C 09/25/19 9/25/19 10:30 224.9                       
Column C 09/27/19 9/27/19 10:00 226.9                       
Column C 09/30/19 9/30/19 13:00 230.0         < 0.1     < 0.05 566.32 
Column C 10/02/19 10/2/19 13:30 232.1 438                     
Column C 10/05/19 10/5/19 10:00 234.9                       
Column C 10/07/19 10/7/19 14:30 237.1           3.6       3.3 563.67 
Column C 10/09/19 10/9/19 13:40 239.1                       




Sample ID  Date/ Time 
Cumulative 
time (day) 


















Column C 10/14/19 10/14/19 15:40 244.2         < 0.1     < 0.05 566.32 
Column C 10/16/19 10/16/19 15:00 246.1                       
Column C 10/18/19  10/18/19 16:00 248.2 684 490       0.17     < 0.05 566.29 
Column C 10/21/19 10/21/19 8:00 250.8                       
Column C 10/23/19 10/23/19 8:20 252.8       35.5   32   12.498   15 547.42 
Column C 10/25/19 10/25/19 8:30 254.9                       
Column C 10/28/19 10/28/19 8:10 257.8                       
Column C 10/30/19 10/30/19 10:30 259.9       25.94   24   6.242   9.4 552.82 
Column C 11/01/19 11/1/19 8:15 261.8 644                     
Column C 11/04/19 11/4/19 7:45 264.8       0.841   1.2   18.623   22 558.02 




Sample ID  Date/ Time 
Cumulative 
time (day) 


















Column C 11/08/19 11/8/19 9:00 268.9                       
Column C 11/11/19 11/11/19 8:00 271.8       12.3   0.1 < 0.05   0.063 566.31 
Column C 11/13/19 11/13/19 14:30 274.1                       
Column C 11/15/19 11/15/19 9:25 275.9                       
Column C 11/18/19 11/18/19 9:30 278.9 691     12.2   12.2 < 0.05   0.05 561.17 
Column C 11/20/19 11/20/19 8:30 280.9                       
Column C 11/22/19 11/22/19 8:15 282.8                       
Column C 11/26/19 11/26/19 8:18 286.8 1230   < 0.05   0.05 < 0.05   0.05 7036.66 
Column C 11/28/19 11/28/19 14:02 289.1                       
Column C 11/30/19 11/30/19 10:30 290.9                       




Sample ID  Date/ Time 
Cumulative 
time (day) 


















Column C 12/04/19 12/4/19 10:30 294.9                       
Column C 12/06/19 12/6/19 11:30 297.0                       
Column C 12/09/19 12/9/19 8:30 299.9 1855     477.615   270   401.9   250 6832.71 
Column C 12/11/19 12/11/19 8:00 301.8                       
Column C 12/13/19 12/13/19 11:00 304.0                       
Column C 12/16/19 12/16/19 14:01 307.1 1980        4.4      15 7029.48 
Column C 12/18/19 12/18/19 10:21 308.9                       
Column C 12/20/19 12/20/19 9:46 310.9                       
Column C 12/23/19 12/23/2019 9:52 313.9 2500     1514.178   1514.178   402.32   402.32 6249.41 
Column C 12/25/19 12/25/19 10:30 315.9                       




Sample ID  Date/ Time 
Cumulative 
time (day) 


















Column C 12/30/19 12/30/19 10:52 321.0 3170            724.52   724.52 6778.20 
Column C 01/01/20 1/1/20 12:48 323.0                       
Column C 01/03/20 1/3/20 15:56 325.2                       
Column C 01/06/20 1/6/20 15:34 328.1 3070        7600   966.94   1000 3448.78 
Column C 01/10/20 1/10/20 9:07 331.9                       
Column C 01/17/20 1/17/20 13:00 339.0                       
Column C 01/20/20 1/20/20 11:00 342.0 3450         9300       1300 2618.99 
Column C 01/22/20 1/22/20 11:00 344.0                       
Column C 01/24/20 1/24/20 11:00 346.0                       
Column C 01/27/20 1/27/20 14:00 349.1 3510         13000       1500 974.58 




Sample ID  Date/ Time 
Cumulative 
time (day) 


















Column C 02/04/20 2/4/20 15:35 357.1 3740         11000       1300 1896.24 
Column C 02/07/20 2/7/20 8:20 359.8 3940         10000       1200 2357.06 
Column C 02/11/20 2/11/2020 14:00 364.1                       
Column C 02/14/20 2/14/2020 11:10 367.0 3160         7200       1000 3618.84 
Column C 02/18/20 2/18/20 15:12 371.1                       
Column C 02/21/20 2/21/20 11:00 374.0 2910                     
Column C 02/25/20 2/25/20 14:00 378.1 3010         6700       930 3856.39 






Table B.4 – Expected chloride concentrations for Column D 
Sample ID  Date/ Time 
Cumulative time 
(day) 






AVG Results (mg/L) AVG 
RECIRCULATION 2/12/19 12:00 0.0             
Test Started  3/9/19 13:10 25.0   N/A   612   73.4 
Column D 03/11/19 3/11/19 13:08 27.0   N/A   612   73.4 
Column D 03/13/19 3/13/19 10:23 28.9   N/A   612   73.4 
Column D 03/15/19 3/15/19 14:30 31.1   N/A   612   73.4 
Column D 03/19/19 3/19/19 12:30 35.0   N/A   612   73.4 
Column D 03/23/19 3/23/19 12:00 39.0   N/A   612   73.4 
Column D 03/25/19 3/25/19 12:10 41.0   N/A   612   73.4 
Column D 03/27/19 3/27/19 12:30 43.0   N/A   612   73.4 




Sample ID  Date/ Time 
Cumulative time 
(day) 






AVG Results (mg/L) AVG 
Column D 04/02/19 4/2/19 17:30 49.2   N/A   612   73.4 
Column D 04/04/19 4/4/19 11:10 51.0   N/A   612   73.4 
Column D 04/06/19 4/6/19 11:10 53.0   N/A   612   73.4 
Column D 04/09/19 4/9/19 14:14 56.1   N/A   612   73.4 
Column D 04/11/19 4/11/19 18:15 58.3   N/A   612   73.4 
Column D 04/19/19 4/19/19 10:32 65.9   N/A   612   73.4 
Column D 04/21/19 4/21/19 18:30 68.3   N/A   612   73.4 
Column D 04/28/19 4/28/19 16:46 75.2   N/A   612   73.4 
Column D 05/02/19 5/2/19 14:37 79.1   N/A   612   73.4 
Column D 05/04/19 5/4/19 12:00 81.0   N/A   612   73.4 




Sample ID  Date/ Time 
Cumulative time 
(day) 






AVG Results (mg/L) AVG 
Column D 05/17/19 5/17/19 20:51 94.4 N/A   612   73.4 
Column D 05/21/19 5/21/19 11:00 98.0   N/A   612   73.4 
Column D 05/24/19 5/24/19 11:00 101.0   N/A   612   73.4 
Column D 05/27/19 5/27/19 9:30 103.9   N/A   612   73.4 
Column D 05/29/19 5/29/19 11:30 106.0   N/A   612   73.4 
Column D 05/31/19 5/31/19 10:00 107.9   N/A   612   73.4 
Column D 06/03/19 6/3/19 11:00 111.0   N/A   612   73.4 
Column D 06/05/19 6/5/19 11:00 113.0   N/A   612   73.4 
Column D 06/07/19 6/7/19 11:00 115.0   264   110   18 
Column D 06/10/19 6/10/19 12:00 118.0   264   110   18 




Sample ID  Date/ Time 
Cumulative time 
(day) 






AVG Results (mg/L) AVG 
Column D 06/14/19 6/14/19 13:00 122.0   264   110   18 
Column D 06/17/19 6/17/19 12:00 125.0   264   110   18 
Column D 06/19/19 6/19/19 11:00 127.0   264   110   18 
Column D 06/21/19 6/21/19 12:30 129.0   264   110   18 
Column D 06/24/19 6/24/19 13:00 132.0   264   110   18 
Column D 06/26/19 6/26/19 12:00 134.0   264   110   18 
Column D 06/28/19 6/28/19 12:00 136.0   264   110   18 
Column D 07/01/19 7/1/19 13:00 139.0   264   110   18 
Column D 07/03/19 7/3/19 8:30 140.9   264   110   18 
Column D 07/05/19 7/5/19 10:20 142.9   264   110   18 




Sample ID  Date/ Time 
Cumulative time 
(day) 






AVG Results (mg/L) AVG 
Column D 07/10/19 7/10/19 12:00 148.0   264   110   18 
Column D 07/12/19 7/12/19 13:00 150.0   264   110   18 
Column D 07/15/19 7/15/19 11:00 153.0   264   110   18 
Column D 07/17/19 7/17/19 11:00 155.0   264   110   18 
Column D 07/19/19 7/19/19 13:00 157.0   280   612   73.4 
Column D 07/22/19 7/22/19 12:30 160.0   280   612   73.4 
Column D 07/26/19 7/26/19 11:00 164.0   280   612   73.4 
Column D 08/02/19 8/2/19 12:00 171.0   280   612   73.4 
Column D 08/12/19 8/12/2019 14:00 181.1   280   612   73.4 
Column D 08/19/19 8/19/19 13:00 188.0   280   612   73.4 




Sample ID  Date/ Time 
Cumulative time 
(day) 






AVG Results (mg/L) AVG 
Column D 08/23/19 8/23/19 9:00 191.9   280   612   73.4 
Column D 08/26/19 8/26/19 9:00 194.9   280 670 612 77 73.4 
Column D 08/28/19 8/28/19 8:00 196.8   280   612   73.4 
Column D 08/30/19  8/30/19 11:00 199.0   280   612   73.4 
Column D 09/02/19 9/2/19 10:30 201.9   280   612   73.4 
Column D 09/04/19 9/4/19 7:30 203.8   280   612   73.4 
Column D 09/06/19 9/6/19 8:00 205.8   280   612   73.4 
Column D 09/09/19 9/9/19 8:30 208.9   280   612   73.4 
Column D 09/11/19 9/11/19 10:30 210.9   280   612   73.4 
Column D 09/13/19 9/13/19 10:45 212.9   280   612   73.4 




Sample ID  Date/ Time 
Cumulative time 
(day) 






AVG Results (mg/L) AVG 
Column D 09/19/19 9/19/19 8:30 218.9   280 610 612 77 73.4 
Column D 09/21/19 9/21/19 10:00 220.9   280   612   73.4 
Column D 09/23/19 9/23/19 8:00 222.8   280   612   73.4 
Column D 09/25/19 9/25/19 10:30 224.9   280   612   73.4 
Column D 09/27/19 9/27/19 10:00 226.9   280   612   73.4 
Column D 09/30/19 9/30/19 13:00 230.0   280   612   73.4 
Column D 10/02/19 10/2/19 13:30 232.1   280   612   73.4 
Column D 10/05/19 10/5/19 10:00 234.9   280   612   73.4 
Column D 10/07/19 10/7/19 14:30 237.1   280   612   73.4 
Column D 10/09/19 10/9/19 13:40 239.1   280 540 612 74 73.4 




Sample ID  Date/ Time 
Cumulative time 
(day) 






AVG Results (mg/L) AVG 
Column D 10/14/19 10/14/19 15:40 244.2   280   612   73.4 
Column D 10/16/19 10/16/19 15:00 246.1   280   612   73.4 
Column D 10/18/19  10/18/19 16:00 248.2   280   612   73.4 
Column D 10/21/19 10/21/19 8:00 250.8   280   612   73.4 
Column D 10/23/19 10/23/19 8:20 252.8   280   612   73.4 
Column D 10/25/19 10/25/19 8:30 254.9   280   612   73.4 
Column D 10/28/19 10/28/19 8:10 257.8   280   612   73.4 
Column D 10/30/19  10/30/19 10:30 259.9   280   612   73.4 
Column D 11/01/19 11/1/19 8:15 261.8   280   612   73.4 
Column D 11/04/19 11/4/19 7:45 264.8   280   612   73.4 




Sample ID  Date/ Time 
Cumulative time 
(day) 






AVG Results (mg/L) AVG 
Column D 11/08/19 11/8/19 9:00 268.9   280   612   73.4 
Column D 11/11/19 11/11/19 8:00 271.8   280   612   73.4 
Column D 11/13/19 11/13/19 14:30 274.1   280   612   73.4 
Column D 11/15/19 11/15/19 9:25 275.9   280   612   73.4 
Column D 11/18/19 11/18/19 9:30 278.9   280   612   73.4 
Column D 11/20/19 11/20/19 8:30 280.9   280   612   73.4 
Column D 11/22/19 11/22/19 8:15 282.8 280 280 530 612 68 73.4 
Column D 11/26/19 11/26/19 8:18 286.8   10325   1110 827 2048.14 
Column D 11/28/19 11/28/19 14:02 289.1   10325   1110 1190 2048.14 
Column D 11/30/19 11/30/19 10:30 290.9   10325   1110   2048.14 




Sample ID  Date/ Time 
Cumulative time 
(day) 






AVG Results (mg/L) AVG 
Column D 12/04/19 12/4/19 10:30 294.9   10325.00   1110   2048.14 
Column D 12/06/19 12/6/19 11:30 297.0   10325.00   1110   2048.14 
Column D 12/09/19 12/9/19 8:30 299.9   10325.00   1110 1450 2048.14 
Column D 12/11/19 12/11/19 8:00 301.8   10325.00   1110   2048.14 
Column D 12/13/19 12/13/19 11:00 304.0   10325.00   1110   2048.14 
Column D 12/16/19 12/16/19 14:01 307.1   10325.00   1110   2048.14 
Column D 12/18/19 12/18/19 10:21 308.9 2400 10325.00 290 1110   2048.14 
Column D 12/20/19 12/20/19 9:46 310.9   10325.00   1110   2048.14 
Column D 12/23/19 12/23/2019 9:52 313.9   10325.00   1110   2048.14 
Column D 12/25/19 12/25/19 10:30 315.9   10325.00   1110   2048.14 




Sample ID  Date/ Time 
Cumulative time 
(day) 






AVG Results (mg/L) AVG 
Column D 12/30/19 12/30/19 10:52 321.0   10325.00   1110   2048.14 
Column D 01/01/20 1/1/20 12:48 323.0   10325.00   1110   2048.14 
Column D 01/03/20 1/3/20 15:56 325.2   10325.00   1110   2048.14 
Column D 01/06/20 1/6/20 15:34 328.1   10325.00   1110   2048.14 
Column D 01/10/20 1/10/20 9:07 331.9   10325.00   1110   2048.14 
Column D 01/17/20 1/17/20 13:00 339.0   10325.00   1110 3060 2048.14 
Column D 01/20/20 1/20/20 11:00 342.0   10325.00   1110   2048.14 
Column D 01/22/20 1/22/20 11:00 344.0   10325.00   1110   2048.14 
Column D 01/24/20 1/24/20 11:00 346.0   10325.00   1110   2048.14 
Column D 01/27/20 1/27/20 14:00 349.1   10325.00   1110   2048.14 




Sample ID  Date/ Time 
Cumulative time 
(day) 






AVG Results (mg/L) AVG 
Column D 02/04/20 2/4/20 15:35 357.1 8000 10325.00 870 1110 1710 2048.14 
Column D 02/07/20 2/7/20 8:20 359.8   10325.00   1110   2048.14 
Column D 02/11/20 2/11/20 14:00 364.1   10325.00   1110   2048.14 
Column D 02/14/20 2/14/20 11:10 367.0   10325.00   1110   2048.14 
Column D 02/18/20 2/18/20 15:12 371.1 13000 10325.00 1400 1110 3120 2048.14 
Column D 02/21/20 2/21/20 11:00 374.0   10325.00   1110   2048.14 
Column D 02/25/20 2/25/20 14:00 378.1   10325.00   1110   2048.14 







Sample ID  Date/ Time 
Cumulative 
time (day) 


















RECIRCULATION 2/12/19 12:00 0.0                       
Test Started  3/9/19 13:10 25.0                       
Column D 03/11/19 3/11/19 13:08 27.0 1910         500       380   
Column D 03/13/19 3/13/19 10:23 28.9 1990                     
Column D 03/15/19 3/15/19 14:30 31.1 2280                     
Column D 03/19/19 3/19/19 12:30 35.0 2170                     
Column D 03/23/19 3/23/19 12:00 39.0 2410                     
Column D 03/25/19 3/25/19 12:10 41.0 2080                     
Column D 03/27/19 3/27/19 12:30 43.0 2310         2300       680   




Sample ID  Date/ Time 
Cumulative 
time (day) 


















Column D 04/02/19 4/2/19 17:30 49.2 2300                     
Column D 04/04/19 4/4/19 11:10 51.0 2390                     
Column D 04/06/19 4/6/19 11:10 53.0 2450                     
Column D 04/09/19 4/9/19 14:14 56.1 1840                     
Column D 04/11/19 4/11/19 18:15 58.3 1850 1700       2000       880   
Column D 04/19/19 4/19/19 10:32 65.9                       
Column D 04/21/19 4/21/19 18:30 68.3           1600       580   
Column D 04/28/19 4/28/19 16:46 75.2                       
Column D 05/02/19 5/2/19 14:37 79.1 2900                     
Column D 05/04/19 5/4/19 12:00 81.0                       




Sample ID  Date/ Time 
Cumulative 
time (day) 


















Column D 05/17/19 5/17/19 20:51 94.4                       
Column D 05/21/19 5/21/19 11:00 98.0                       
Column D 05/24/19 5/24/19 11:00 101.0 1750                     
Column D 05/27/19 5/27/19 9:30 103.9                       
Column D 05/29/19 5/29/19 11:30 106.0                       
Column D 05/31/19 5/31/19 10:00 107.9           1800       480   
Column D 06/03/19 6/3/19 11:00 111.0 1500                     
Column D 06/05/19 6/5/19 11:00 113.0                       
Column D 06/07/19 6/7/19 11:00 115.0           0.99       530 127.67 
Column D 06/10/19 6/10/19 12:00 118.0 247                     




Sample ID  Date/ Time 
Cumulative 
time (day) 


















Column D 06/14/19 6/14/19 13:00 122.0                       
Column D 06/17/19 6/17/19 12:00 125.0       3.61 < 0.2     < 0.05 317.09 
Column D 06/19/19 6/19/19 11:00 127.0                       
Column D 06/21/19 6/21/19 12:30 129.0 221 230   1.55 < 0.2     < 0.05 317.09 
Column D 06/24/19 6/24/19 13:00 132.0                 < 0.05 317.17 
Column D 06/26/19 6/26/19 12:00 134.0       0.104 < 0.2     < 0.05 317.09 
Column D 06/28/19 6/28/19 12:00 136.0                       
Column D 07/01/19 7/1/19 13:00 139.0 322                     
Column D 07/03/19 7/3/19 8:30 140.9                       
Column D 07/05/19 7/5/19 10:20 142.9                       




Sample ID  Date/ Time 
Cumulative 
time (day) 


















Column D 07/10/19 7/10/19 12:00 148.0 315                     
Column D 07/12/19 7/12/19 13:00 150.0       1.78 < 0.2     < 0.05 317.09 
Column D 07/15/19 7/15/19 11:00 153.0                 <  0.05 317.17 
Column D 07/17/19 7/17/19 11:00 155.0       4.56 < 0.2     < 0.05 317.09 
Column D 07/19/19 7/19/19 13:00 157.0   220                   
Column D 07/22/19 7/22/19 12:30 160.0 230                     
Column D 07/26/19 7/26/19 11:00 164.0                     566.38 
Column D 08/02/19 8/2/19 12:00 171.0       0.553   0.38     < 0.05 566.20 
Column D 08/12/19 8/12/2019 14:00 181.1       0.05 < 0.2     < 0.05 566.28 
Column D 08/19/19 8/19/19 13:00 188.0 234     0.05               




Sample ID  Date/ Time 
Cumulative 
time (day) 


















Column D 08/23/19 8/23/19 9:00 191.9       0.05   0.23     < 0.05 566.26 
Column D 08/26/19 8/26/19 9:00 194.9 212 190                   
Column D 08/28/19 8/28/19 8:00 196.8       0.05   0.69     < 0.05 566.07 
Column D 08/30/19  8/30/19 11:00 199.0                       
Column D 09/02/19 9/2/19 10:30 201.9 458     0.05 < 0.2 < 0.05 < 0.05 566.28 
Column D 09/04/19 9/4/19 7:30 203.8                       
Column D 09/06/19 9/6/19 8:00 205.8 512                     
Column D 09/09/19 9/9/19 8:30 208.9 560 460   0.05 < 0.1   0.314 < 0.05 566.32 
Column D 09/11/19 9/11/19 10:30 210.9                       
Column D 09/13/19 9/13/19 10:45 212.9 590                     




Sample ID  Date/ Time 
Cumulative 
time (day) 


















Column D 09/19/19 9/19/19 8:30 218.9           0.29       0.059 566.24 
Column D 09/21/19 9/21/19 10:00 220.9 540       < 0.1     < 0.05 566.32 
Column D 09/23/19 9/23/19 8:00 222.8           0.12     < 0.05 566.31 
Column D 09/25/19 9/25/19 10:30 224.9                       
Column D 09/27/19 9/27/19 10:00 226.9                       
Column D 09/30/19 9/30/19 13:00 230.0         < 0.1     < 0.05 566.32 
Column D 10/02/19 10/2/19 13:30 232.1 539                     
Column D 10/05/19 10/5/19 10:00 234.9                       
Column D 10/07/19 10/7/19 14:30 237.1           81       16 526.23 
Column D 10/09/19 10/9/19 13:40 239.1                       




Sample ID  Date/ Time 
Cumulative 
time (day) 


















Column D 10/14/19 10/14/19 15:40 244.2         < 0.1     < 0.05 566.32 
Column D 10/16/19 10/16/19 15:00 246.1                       
Column D 10/18/19  10/18/19 16:00 248.2 581 510     < 0.1     < 0.05 566.32 
Column D 10/21/19 10/21/19 8:00 250.8                       
Column D 10/23/19 10/23/19 8:20 252.8       36.9   35   10.611   14 546.50 
Column D 10/25/19 10/25/19 8:30 254.9                       
Column D 10/28/19 10/28/19 8:10 257.8                       
Column D 10/30/19  10/30/19 10:30 259.9       0.601   0.14   1.064   0.062 566.30 
Column D 11/01/19 11/1/19 8:15 261.8 587                     
Column D 11/04/19 11/4/19 7:45 264.8       1.515 < 0.1   0.132 < 0.1 566.30 




Sample ID  Date/ Time 
Cumulative 
time (day) 


















Column D 11/08/19 11/8/19 9:00 268.9                       
Column D 11/11/19 11/11/19 8:00 271.8       12.1 < 0.1 < 0.05 < 0.1 566.30 
Column D 11/13/19 11/13/19 14:30 274.1                       
Column D 11/15/19 11/15/19 9:25 275.9                       
Column D 11/18/19 11/18/19 9:30 278.9 574     12.1   12.1 < 0.05   0.05 561.22 
Column D 11/20/19 11/20/19 8:30 280.9                       
Column D 11/22/19 11/22/19 8:15 282.8                       
Column D 11/26/19 11/26/19 8:18 286.8       12.1   12.1 < 0.05   0.05 11522.50 
Column D 11/28/19 11/28/19 14:02 289.1                       
Column D 11/30/19 11/30/19 10:30 290.9                       




Sample ID  Date/ Time 
Cumulative 
time (day) 


















Column D 12/04/19 12/4/19 10:30 294.9                       
Column D 12/06/19 12/6/19 11:30 297.0                       
Column D 12/09/19 12/9/19 8:30 299.9 1565     861.5   840   239.7   260 11077.77 
Column D 12/11/19 12/11/19 8:00 301.8                       
Column D 12/13/19 12/13/19 11:00 304.0                       
Column D 12/16/19 12/16/19 14:01 307.1 1960     32.79   68      38 11485.19 
Column D 12/18/19 12/18/19 10:21 308.9                       
Column D 12/20/19 12/20/19 9:46 310.9                       
Column D 12/23/19 12/23/2019 9:52 313.9 2590            630.56   630.56 11302.69 
Column D 12/25/19 12/25/19 10:30 315.9                       




Sample ID  Date/ Time 
Cumulative 
time (day) 


















Column D 12/30/19 12/30/19 10:52 321.0 3190            987.48   987.48 11175.34 
Column D 01/01/20 1/1/20 12:48 323.0                      
Column D 01/03/20 1/3/20 15:56 325.2                      
Column D 01/06/20 1/6/20 15:34 328.1 3190        10000   1166.86   1200 6848.02 
Column D 01/10/20 1/10/20 9:07 331.9                       
Column D 01/17/20 1/17/20 13:00 339.0                       
Column D 01/20/20 1/20/20 11:00 342.0 3390         11000       1400 6351.52 
Column D 01/22/20 1/22/20 11:00 344.0                       
Column D 01/24/20 1/24/20 11:00 346.0                       
Column D 01/27/20 1/27/20 14:00 349.1 3260         11000       1300 6387.19 




Sample ID  Date/ Time 
Cumulative 
time (day) 


















Column D 02/04/20 2/4/20 15:35 357.1 3720         12000       1300 5962.05 
Column D 02/07/20 2/7/20 8:20 359.8 4140         9400       1200 7103.11 
Column D 02/11/20 2/11/20 14:00 364.1                       
Column D 02/14/20 2/14/20 11:10 367.0 2950         7100       890 8191.56 
Column D 02/18/20 2/18/20 15:12 371.1                       
Column D 02/21/20 2/21/20 11:00 374.0 3010                     
Column D 02/25/20 2/25/20 14:00 378.1 3170         8100       1000 7727.16 




Appendix C: Groundwater Analyses Results 
Table C.1 – Raw groundwater Well 05D results 
Sample ID Date 
Chlorate Perchlorate Chloride  Nitrate  COD TDS TOC Chloroform 
mg/L mg/L mg/L mg/L mg/L mg/L mg/L ug/L 
UNLV Test America UNLV Test America   UNLV USUAL         
Raw GW 05D 5/18/2019             139.67         
Raw GW 05D 7/11/2019   11,000.00   1,800.00               
Raw GW 05D 10/25/2019                 22,322.00   2,500.00 
Raw GW 05D 11/20/2019 11,190.00 11,000.00 1,410.00 1,800.00 2,300.00 146.57 139.67 152.00 22,204.70     
Raw GW 05D 2/4/2020   11,000.00   1,500.00 2,280.00   204.20     1.30   
Raw GW 05D 2/29/2020   11,000.00   1,700.00 2,730.00   136.14         
Average   11,000.00   1,700.00 2,436.67   154.92   22,263.35     
STDV   0.00   141.42 254.23   32.90   82.94     






Sample ID Date 
Formaldehyde Formic Acid Al As B Ba Ca Cd Co Cr Cu Fe 
mg/L mg/L  mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
Raw GW 05D 5/18/2019     0.001 0.02 1.67 0.06 522.00 < < 44.15 < < 
Raw GW 05D 7/11/2019                         
Raw GW 05D 10/25/2019 0.09 < 5                     
Raw GW 05D 11/20/2019     0.001 0.017 1.74 0.087 558.30 0.001 0.001 45.75 0.001 0.001 
Raw GW 05D 2/4/2020                         
Raw GW 05D 2/29/2020     0.001 0.021 1.69 0.044 541.00 0.001 0.009 42.60 0.001 0.001 
Average     0.00 0.02 1.70 0.06 540.43 0.00 0.01 44.17 0.00 0.00 
STDV     0.00 0.00 0.04 0.02 18.16 0.00 0.01 1.58 0.00 0.00 





Sample ID Date 
K Mg Mn Mo Na Ni P Pb S SO4 Se Si Sr Zn 
mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
Raw GW 05D 5/18/2019 44.93 248.60 0.00 0.01 3,709 0.001 < 0.001 346.7   0.025 39.08 17.530 0.01 
Raw GW 05D 7/11/2019                             
Raw GW 05D 10/25/2019                             
Raw GW 05D 11/20/2019 42.74 289.70 0.002 0.013 4,078 0.001 0.03 0.001 350.9   0.025 41.120 18.54 0.007 
Raw GW 05D 2/4/2020                             
Raw GW 05D 2/29/2020 46.10 275.00 0.002 0.013 3,693 0.001 0.03 0.001 359.0 1,078.0 0.025 37.000 17.10 0.018 
Average 44.59 271.10 0.00 0.01 3,826.67 0.00 0.03 0.00 352.20 1,078.00 0.03 39.07 17.72 0.01 
STDV 1.71 20.83 0.00 0.00 217.81 0.00 0.00 0.00 6.25 0.00 0.00 2.06 0.74 0.01 






Table C.2 – Raw groundwater Well 01I results 
Sample ID Date 
Chlorate Perchlorate Chloride  Nitrate  COD TDS TOC Chloroform 
mg/L mg/L mg/L mg/L mg/L mg/L mg/L ug/L 
UNLV Test America UNLV Test America   UNLV USUAL         
Raw GW 01I 10/26/2019                 5,776.00   170.00 
Raw GW 01I 11/20/2019 1,843.00 2,600.00 332.00 300.00 670.00 32.96 40.31 54.00 6,548.70     
Raw GW 01I 2/4/2020   14,000.00   1,400.00 2,770.00   176.80     1.10   
Raw GW 01I 2/29/2020   13,000.00   1,400.00 3,050.00   137.90         
Average   13,500.00   1,400.00 2,910.00   157.35   6,162.35     
STDV   707.11   0.00 197.99   27.50   546.38     




Sample ID Date 
Formaldehyde Formic Acid Al As B Ba Ca Cd Co Cr Cu Fe 
mg/L  mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
Raw GW 01I 10/26/2019                         
Raw GW 01I 11/20/2019     0.001 0.050 1.63 0.04 280.40 0.001 0.001 9.82 0.001 0.001 
Raw GW 01I 2/4/2020                         
Raw GW 01I 2/29/2020     0.002 0.013 1.08 0.044 1,003.00 0.001 0.007 39.60 0.001 0.001 
Average     0.0015 0.0314 1.36 0.0399 641.7 0.0010 0.0040 24.7 0.0010 0.0010 
STDV     0.0007 0.0260 0.39 0.0058 511.0 0.0000 0.0042 21.1 0.0000 0.0000 





Sample ID Date 
K Mg Mn Mo Na Ni P Pb S SO4 Se Si Sr Zn 
mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
Raw GW 01I 10/26/2019                             
Raw GW 01I 11/20/2019 21.12 137.90 0.001 0.018 1,222 0.03 0.03 0.001 394.4   0.025 62.810 8.07 0.001 
Raw GW 01I 2/4/2020                             
Raw GW 01I 2/29/2020 49.40 519.00 0.034 0.008 3,396 0.090 0.03 0.001 276.0 828.0 0.025 31.400 30.00 0.008 
Average 35.3 328.5 0.0176 0.0129 2,309.0 0.0594 0.0300 0.0010 335.2 828.0 0.0250 47.1 19.0 0.0046 
STDV 20.0 269.5 0.0232 0.0069 1,537.3 0.0433 0.0000 0.0000 83.72 0.0000 0.0000 22.2 15.5 0.0049 





Table C.3 – Raw groundwater Well 02I results 
Sample ID Date 
Chlorate Perchlorate Chloride  Nitrate  COD TDS TOC Chloroform 
mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
UNLV Test America UNLV Test America   UNLV USUAL         
Raw GW 02I 5/18/2019             12.20         
Raw GW 02I 7/11/2019   520.00   85.00               
Raw GW 02I 11/20/2019 567.00 570.00 94.00 84.00 250.00 12.76 12.99 13.00 2,322.00     
Raw GW 02I 1/31/2020                   0.92   
Average   545.00 94.00 84.50 250.00 12.76 12.60 13.00 2,322.00 0.92   
STDV   35.36 0.00 0.71 0.00 0.00 0.56 0.00 0.00     





Sample ID Date 
Formaldehyde Formic Acid Al As B Ba Ca Cd Co Cr Cu Fe 
mg/L  mg/L  mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
Raw GW 02I 5/18/2019     0.001 0.07 1.43 0.02 23.72 0.001 0.001 2.18 0.00 0.00 
Raw GW 02I 7/11/2019                         
Raw GW 02I 11/20/2019     0.001 0.064 1.50 0.023 26.30 0.001 0.001 2.26 0.001 0.001 
Raw GW 02I 1/31/2020                         
Average     0.0010 0.0647 1.46 0.0202 25.0 0.0010 0.0010 2.2 0.0010 0.0010 
STDV     0.0000 0.0010 0.05 0.0042 1.8 0.0000 0.0000 0.1 0.0000 0.0000 





Sample ID Date 
K Mg Mn Mo Na Ni P Pb S SO4 Se Si Sr Zn 
mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
Raw GW 02I 5/18/2019 12.98 11.64 0.00 0.02 848 0.00 0.03 0.003 362.5 1,087.5 0.03 53.040 0.73 0.00 
Raw GW 02I 7/11/2019                             
Raw GW 02I 11/20/2019 12.30 11.81 0.001 0.018 939 0.001 0.03 0.003 364.4 1,093.2 0.025 55.480 0.77 0.001 
Raw GW 02I 1/31/2020                             
Average 12.6 11.7 0.0010 0.0175 893.5 0.0010 0.03 0.0030 363.45 1,090.4 0.025 54.3 0.8 0.0010 
STDV 0.5 0.1 0.0000 0.0007 64.3 0.0000 #DIV/0! 0.0004 1.34 4.0305 0.000 1.7 0.0 0.0000 





Table C.4 – Raw groundwater Well 251 results 
Sample ID Date 
Chlorate Perchlorate Chloride  Nitrate  COD TDS TOC Chloroform 
mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
UNLV Test America UNLV Test America   UNLV USUAL         
Raw GW 251 11/20/2019 26,028.00 24,000 2,698 3,900 5,500 288 310.284 1066 41,305.30     
 
Sample ID Date 
Formaldehyde Formic Acid Al As B Ba Ca Cd Co Cr Cu Fe 
mg/L  mg/L  mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 






Sample ID Date 
K Mg Mn Mo Na Ni P Pb S SO4 Se Si Sr Zn 
mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
Raw GW 251 11/20/2019 85.4 680 0.015 0.02 7450 0.001 0.030 0.001 358 1,074  0.025 10.3 45.9 0.011 
 
Table C.5 – Raw groundwater Well 01D results 
Sample ID Date 
Chlorate Perchlorate Chloride  Nitrate  COD TDS TOC Chloroform 
mg/L mg/L mg/L mg/L mg/L mg/L mg/L ug/L 
UNLV Test America UNLV Test America   UNLV USUAL         





Sample ID Date 
Formaldehyde Formic Acid Al As B Ba Ca Cd Co Cr Cu Fe 
mg/L  mg/L                    mg/L 
Raw GW 01D 12/5/2019 0.80 < 2.6 0.001 0.004 1.10 0.19 1903.0 0.001 0.001 72.7 0.001 0.001 
 
Sample ID Date 
K Mg Mn Mo Na Ni P Pb S SO4 Se Si Sr Zn 
mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 





Appendix D: Feed Solutions Characterization 
Table D.1 – Diluted and undiluted feed solution 05D analyses results 
  
Sample ID Date 
Chlorate Perchlorate Chloride  Nitrate- NO3 
  mg/L mg/L mg/L mg/L 
  
UNLV Test America UNLV 
Test 
America 









Feed 05D diluted 5/29/2019         814.00   31.03 
Feed 05D diluted 6/10/2019             25.55 
Feed 05D diluted 6/17/2019   2,600.00   480.00       
Feed 05D diluted 6/24/2019         817.00   39.25 
Feed 05D diluted 7/22/2019         2,220.00   1.77 
Feed 05D diluted 7/29/2019         969.00   1.28 
Feed 05D half molasses 8/27/2019   2,700.00   450.00       





Sample ID Date 
Chlorate Perchlorate Chloride  Nitrate- NO3 
  mg/L mg/L mg/L mg/L 
  
UNLV Test America UNLV 
Test 
America 
  UNLV USUAL 
Feed 05D diluted w/ DAP 10/9/2019   2,700.00   420.00       
Feed 05D diluted NO DAP 10/9/2019   2,800.00   420.00       
Feed 05D diluted 10/25/2019               
Feed 05D diluted 11/20/2019               
Feed 05D diluted 11/23/2019 2,109.00 2,000.00 474.00 420.00 670.00 14.21 <0.884 
DILUTED FEED 
AVG   2,566.67   420.00 817.50   31.94 
STDV   287.52   50.20 122.09   6.90 
%   11.20   11.95 14.94   21.59 
Feed 05D (NOT DILUTED) 11/23/2019 30,878.00   4,372.10   2,420.00 411.30   





Sample ID Date 
Chlorate Perchlorate Chloride  Nitrate- NO3 
  mg/L mg/L mg/L mg/L 
  
UNLV Test America UNLV 
Test 
America 
  UNLV USUAL 
Feed 05D (NOT DILUTED) 12/5/2019               
Feed 05D (NOT DILUTED) 12/9/2019         873.00   83.98 
Feed 05D (NOT DILUTED) 12/18/2019   10,000.00   1,700.00       
Feed 05D (NOT DILUTED) 12/20/2019               
Feed 05D (NOT DILUTED) 12/27/2020               
Feed 05D (NOT DILUTED) 1/10/2020               
Feed 05D (NOT DILUTED) 1/17/2020         2,680.00   103.43 
Feed 05D (NOT DILUTED) 1/22/2020               
Feed 05D (NOT DILUTED) 1/31/2020   10,000.00   1,400.00       





Sample ID Date 
Chlorate Perchlorate Chloride  Nitrate- NO3 
  mg/L mg/L mg/L mg/L 
  
UNLV Test America UNLV 
Test 
America 
  UNLV USUAL 
Feed 05D (NOT DILUTED) NO DAP 2/19/2020   11,000.00   1,600.00 2,590.00   125.53 
Feed 05D (NOT DILUTED) 2/19/2020               
Feed 05D (NOT DILUTED) 2/29/2020   10,000.00   1,600.00 2,660.00   129.95 
Feed 05D (NOT DILUTED) 3/4/2020               
UNDILUTED FEED 
AVG   10,200.00   1,560.00 2,538.33   114.77 
STDV   447.21   114.02 120.57   18.50 











Phosphate - PO4 Ammonia - NH3 COD 
  mg/L mg/L mg/L mg/L mg/L 









Feed 05D diluted 5/29/2019 25.00 5.68   60.43     
Feed 05D diluted 6/10/2019   10.86   96.84     
Feed 05D diluted 6/17/2019             
Feed 05D diluted 6/24/2019   6.63   62.88     
Feed 05D diluted 7/22/2019 0.37 3.50 93.50 78.83 190.00   
Feed 05D diluted 7/29/2019 0.02 7.67   132.73     
Feed 05D half molasses 8/27/2019             
Feed 05D  9/19/2019             
Feed 05D diluted w/ DAP 10/9/2019             










Phosphate - PO4 Ammonia - NH3 COD 
  mg/L mg/L mg/L mg/L mg/L 
      UNLV USUAL     
Feed 05D diluted 10/25/2019             
Feed 05D diluted 11/20/2019         136.80   
Feed 05D diluted 11/23/2019   12.51   98.01   2,450.00 
DILUTED FEED 
AVG 25.00 7.81   88.29 163.40 2,450.00 
STDV 0.00 3.34   27.03 37.62 0.00 
% 0.00 42.83   30.62 23.02 0.00 
Feed 05D (NOT DILUTED) 11/23/2019 95.00 42.11   89.72   1,320.00 
Feed 05D (NOT DILUTED) 11/26/2019 48.00 36.43   67.88 27.12   
Feed 05D (NOT DILUTED) 12/5/2019         162.00   










Phosphate - PO4 Ammonia - NH3 COD 
  mg/L mg/L mg/L mg/L mg/L 
      UNLV USUAL     
Feed 05D (NOT DILUTED) 12/18/2019   42.11   89.72     
Feed 05D (NOT DILUTED) 12/20/2019         102.48   
Feed 05D (NOT DILUTED) 12/27/2020         209.64   
Feed 05D (NOT DILUTED) 1/10/2020         78.96   
Feed 05D (NOT DILUTED) 1/17/2020   27.56   78.47     
Feed 05D (NOT DILUTED) 1/22/2020         61.20   
        
Feed 05D (NOT DILUTED) 1/31/2020         35.50   
Feed 05D (NOT DILUTED) 2/4/2020   38.44   85.89     










Phosphate - PO4 Ammonia - NH3 COD 
  mg/L mg/L mg/L mg/L mg/L 
      UNLV USUAL     
Feed 05D (NOT DILUTED) 2/19/2020         18.96   
Feed 05D (NOT DILUTED) 2/29/2020   40.14   88.68 40.00   
Feed 05D (NOT DILUTED) 3/4/2020     85.50   26.00   
UNDILUTED FEED 
AVG 95.00 37.40   80.01 76.19 1,320.00 
STDV 0.00 5.53   11.98 64.35 0.00 







Sample ID Date 
TDS TOC Chloroform Formaldehyde Formic Acid 
  mg/L mg/L ug/L mg/L mg/L 









Feed 05D diluted 5/29/2019           
Feed 05D diluted 6/10/2019           
Feed 05D diluted 6/17/2019           
Feed 05D diluted 6/24/2019           
Feed 05D diluted 7/22/2019           
Feed 05D diluted 7/29/2019           
Feed 05D half molasses 8/27/2019           
Feed 05D  9/19/2019           
Feed 05D diluted w/ DAP 10/9/2019           





Sample ID Date 
TDS TOC Chloroform Formaldehyde Formic Acid 
  mg/L mg/L ug/L mg/L mg/L 
            
Feed 05D diluted 10/25/2019 4,308.00   550.00 0.15 110.00 
Feed 05D diluted 11/20/2019           
Feed 05D diluted 11/23/2019 4,550.67         
DILUTED FEED 
AVG 4,429.34   550.00 0.15 110.00 
STDV 171.59   0.00 0.00 0.00 
% 3.87   0.00 0.00 0.00 
Feed 05D (NOT DILUTED) 11/23/2019 17,726.00         
Feed 05D (NOT DILUTED) 11/26/2019           
Feed 05D (NOT DILUTED) 12/5/2019           





Sample ID Date 
TDS TOC Chloroform Formaldehyde Formic Acid 
  mg/L mg/L ug/L mg/L mg/L 
            
Feed 05D (NOT DILUTED) 12/18/2019           
Feed 05D (NOT DILUTED) 12/20/2019           
Feed 05D (NOT DILUTED) 12/27/2020           
Feed 05D (NOT DILUTED) 1/10/2020           
Feed 05D (NOT DILUTED) 1/17/2020           
Feed 05D (NOT DILUTED) 1/22/2020           
Feed 05D (NOT DILUTED) 1/31/2020           
Feed 05D (NOT DILUTED) 2/4/2020           
Feed 05D (NOT DILUTED) NO DAP 2/19/2020 23,810.83         





Sample ID Date 
TDS TOC Chloroform Formaldehyde Formic Acid 
  mg/L mg/L ug/L mg/L mg/L 
            
Feed 05D (NOT DILUTED) 2/29/2020           
Feed 05D (NOT DILUTED) 3/4/2020   1,300.00       
UNDILUTED FEED 
AVG 20,768.42 1,300.00 0.00 0.00 0.00 
STDV 0.00 0.00 0.00 0.00 0.00 





   
Sample ID Date 
Metal Scan   
Al As B Ba Ca Cd Co Cr Cu 










Feed 05D diluted 5/29/2019 0.068 0.01 0.29 0.02 155.00 0.001 0.001 5.68 0.00 
Feed 05D diluted 6/10/2019 1.378 0.02 0.58 0.10 229.60 0.001 0.001 10.86 0.02 
Feed 05D diluted 6/17/2019                   
Feed 05D diluted 6/24/2019 0.021 0.01 0.60 0.04 222.00 0.001 0.004 6.63 0.01 
Feed 05D diluted 7/22/2019 0.087 0.01 0.19 0.01 143.00 0.001 0.001 3.50 0.03 
Feed 05D diluted 7/29/2019 0.741 0.02 0.62 0.04 233.00 0.001 0.003 7.67 0.01 
Feed 05D half molasses 8/27/2019                   
Feed 05D  9/19/2019                   




   
Sample ID Date 
Metal Scan   
Al As B Ba Ca Cd Co Cr Cu 
mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
  
Feed 05D diluted NO DAP 10/9/2019                   
Feed 05D diluted 10/25/2019                   
Feed 05D diluted 11/20/2019                   
Feed 05D diluted 11/23/2019 0.044 0.00 0.57 0.15 242.80 0.001 0.001 12.51 0.04 
DILUTED FEED 
AVG 0.39 0.01 0.47 0.06 204.23 0.00 0.00 7.81 0.02 
STDV 0.56 0.01 0.18 0.05 43.47 0.00 0.00 3.34 0.02 
% 142.84 67.72 38.96 87.77 21.28 0.00 72.23 42.83 75.72 
Feed 05D (NOT DILUTED) 11/23/2019 0.012 0.02 1.59 0.11 644.60 0.001 0.002 42.11 0.03 




   
Sample ID Date 
Metal Scan   
Al As B Ba Ca Cd Co Cr Cu 
mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
  
Feed 05D (NOT DILUTED) 12/5/2019                   
Feed 05D (NOT DILUTED) 12/9/2019 0.001 0.02 1.59 0.03 538.80 0.001 0.007 30.69 0.02 
Feed 05D (NOT DILUTED) 12/18/2019 0.012 0.02 1.59 0.11 644.60 0.001 0.001 42.11 0.03 
Feed 05D (NOT DILUTED) 12/20/2019                   
Feed 05D (NOT DILUTED) 12/27/2020                   
Feed 05D (NOT DILUTED) 1/10/2020                   
Feed 05D (NOT DILUTED) 1/17/2020 0.001 0.02 1.56 0.02 538.30 0.001 0.005 27.56 0.03 
Feed 05D (NOT DILUTED) 1/22/2020                   




   
Sample ID Date 
Metal Scan   
Al As B Ba Ca Cd Co Cr Cu 
mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
  
Feed 05D (NOT DILUTED) 2/4/2020 0.000 0.02 1.51   576.60 0.000 0.000 38.44 0.04 
Feed 05D (NOT DILUTED) NO DAP 2/19/2020 0.017 0.02 1.65 0.06 567.30 0.001 0.009 41.68 0.02 
Feed 05D (NOT DILUTED) 2/19/2020                   
Feed 05D (NOT DILUTED) 2/29/2020 0.024 0.02 1.63 0.05 557.00 0.001 0.009 40.14 0.02 
Feed 05D (NOT DILUTED) 3/4/2020                   
UNDILUTED FEED 
AVG 0.01 0.02 1.59 0.06 575.65 0.00 0.01 37.40 0.02 
STDV 0.01 0.00 0.04 0.04 44.88 0.00 0.00 5.53 0.01 







Sample ID Date 
 Metal Scan   
Fe K Mg Mn Mo Na Ni 










Feed 05D diluted 5/29/2019 0.17 37.40 102.00 0.01 0.01 1,316 0.01 
Feed 05D diluted 6/10/2019 4.64 69.45 95.49 0.07 0.05 1,192 0.00 
Feed 05D diluted 6/17/2019               
Feed 05D diluted 6/24/2019 0.14 62.20 99.00 0.06 0.02 1,265 0.00 
Feed 05D diluted 7/22/2019 0.20 37.60 64.00 0.01 0.01 1,220 0.00 
Feed 05D diluted 7/29/2019 0.80 72.24 106.10 0.02 0.04 1,346 0.00 
Feed 05D half molasses 8/27/2019               
Feed 05D  9/19/2019               





Sample ID Date 
 Metal Scan   
Fe K Mg Mn Mo Na Ni 
mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
  
Feed 05D diluted NO DAP 10/9/2019               
Feed 05D diluted 10/25/2019               
Feed 05D diluted 11/20/2019               
Feed 05D diluted 11/23/2019 0.54 60.45 98.96 0.03 0.01 1,323 0.00 
DILUTED FEED 
AVG 1.08 56.56 94.26 0.03 0.02 1,277.00 0.00 
STDV 1.76 15.40 15.24 0.03 0.02 61.67 0.00 
% 162.79 27.23 16.17 75.78 69.03 4.83 45.77 
Feed 05D (NOT DILUTED) 11/23/2019 0.25 85.12 295.20 0.02 0.01 4,312 0.001 





Sample ID Date 
 Metal Scan   
Fe K Mg Mn Mo Na Ni 
mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
  
Feed 05D (NOT DILUTED) 12/5/2019               
Feed 05D (NOT DILUTED) 12/9/2019 0.05 86.60 275.40 0.01 0.01 3,915 0.003 
Feed 05D (NOT DILUTED) 12/18/2019 0.25 85.12 295.20 0.02 0.01 4,312 0.00 
Feed 05D (NOT DILUTED) 12/20/2019               
Feed 05D (NOT DILUTED) 12/27/2020               
Feed 05D (NOT DILUTED) 1/10/2020               
Feed 05D (NOT DILUTED) 1/17/2020 0.06 84.92 270.30 0.02 0.01 3,954 0.003 
Feed 05D (NOT DILUTED) 1/22/2020               





Sample ID Date 
 Metal Scan   
Fe K Mg Mn Mo Na Ni 
mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
  
Feed 05D (NOT DILUTED) 2/4/2020 0.32 75.90 283.60 0.02 0.01 4,391 0.000 
Feed 05D (NOT DILUTED) NO DAP 2/19/2020 0.43 86.71 280.40 0.02 0.01 3,840 0.002 
Feed 05D (NOT DILUTED) 2/19/2020               
Feed 05D (NOT DILUTED) 2/29/2020 0.23 88.38 275.60 0.02 0.01 3,847 0.002 
Feed 05D (NOT DILUTED) 3/4/2020               
UNDILUTED FEED 
AVG 0.21 85.00 280.54 0.02 0.01 4,053.38 0.00 
STDV 0.13 3.87 10.26 0.00 0.00 240.20 0.00 







Sample ID Date 
 Metal Scan  
P Pb S SO4 Se Si Sr Zn 









Feed 05D diluted 5/29/2019 19.70 0.001 166.0 498.00 0.025 17.10 3.70 0.02 
Feed 05D diluted 6/10/2019 31.57 0.001 146.8   0.025 17.76 6.16 3.81 
Feed 05D diluted 6/17/2019                 
Feed 05D diluted 6/24/2019 20.50 0.001 159.0 478.00 0.025 16.30 5.28 0.03 
Feed 05D diluted 7/22/2019 25.70 0.001 159.0 477.00 0.025 16.20 3.35 0.02 
Feed 05D diluted 7/29/2019 43.27 0.001 166.1 498.00 0.025 16.47 5.58 0.19 
Feed 05D half molasses 8/27/2019                 
Feed 05D  9/19/2019                 
Feed 05D diluted w/ DAP 10/9/2019                 






Sample ID Date 
 Metal Scan  
P Pb S SO4 Se Si Sr Zn 
mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
Feed 05D diluted 10/25/2019                 
Feed 05D diluted 11/20/2019                 
Feed 05D diluted 11/23/2019 31.95 0.001 155.6   0.025 18.49 6.11 0.12 
DILUTED FEED 
AVG 28.78 0.00 158.75 487.75 0.03 17.05 5.03 0.70 
STDV 8.81 0.00 7.20 11.84 0.00 0.92 1.21 1.53 
% 30.62 0.00 4.54 2.43 0.00 5.38 24.16 218.48 
Feed 05D (NOT DILUTED) 11/23/2019 29.25 0.002 368.0 1,104.00 0.014 39.79 17.04 0.02 
Feed 05D (NOT DILUTED) 11/26/2019 22.13 0.001 353.0 1,059.00 0.025 35.33 16.04 0.02 
Feed 05D (NOT DILUTED) 12/5/2019                 






Sample ID Date 
 Metal Scan  
P Pb S SO4 Se Si Sr Zn 
mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
Feed 05D (NOT DILUTED) 12/18/2019 29.25 0.002 368.0 1,104.00 0.014 39.79 17.04 0.02 
Feed 05D (NOT DILUTED) 12/20/2019                 
Feed 05D (NOT DILUTED) 12/27/2020                 
Feed 05D (NOT DILUTED) 1/10/2020                 
Feed 05D (NOT DILUTED) 1/17/2020 25.58 0.001 353.5 1,061.00 0.025 35.33 15.79 0.01 
Feed 05D (NOT DILUTED) 1/22/2020                 
Feed 05D (NOT DILUTED) 1/31/2020                 
Feed 05D (NOT DILUTED) 2/4/2020 28.00 0.000 368.8 1,106.40 0.000 37.35 16.72 0.03 
Feed 05D (NOT DILUTED) NO DAP 2/19/2020 0.23 0.001 363.1 1,089.00 0.025 36.50 16.89 0.07 






Sample ID Date 
 Metal Scan  
P Pb S SO4 Se Si Sr Zn 
mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
Feed 05D (NOT DILUTED) 2/29/2020 28.91 0.001 359.5 1,079.00 0.025 36.88 16.54 0.02 
Feed 05D (NOT DILUTED) 3/4/2020                 
UNDILUTED FEED 
AVG 22.85 0.00 361.13 1,083.43 0.02 37.07 16.49 0.02 
STDV 9.83 0.00 6.77 20.23 0.01 1.83 0.52 0.02 






Table D.2 – Diluted and undiluted feed solution 01I analyses results 
  
  Sample ID Date 
Chlorate Perchlorate Chloride Nitrate- NO3 
mg/L mg/L mg/L mg/L 








Feed 01I half molasses 8/27/2019   670.00   77.00       
Feed 01I 9/19/2019   610.00   77.00       
Feed 01I diluted w/ DAP 10/9/2019   540.00   74.00       
Feed 01I diluted NO DAP 10/9/2019   710.00   71.00       
Feed 01I diluted 10/25/2019               
Feed 01I (DILUTED) 11/20/2019               
Feed 01I (DILUTED) 11/23/2019 597.00 530.00 104.00 68.00 280.00 <0.05 0.884 
DILUTED FEED 
AVG   612.00   73.40 280.00   0.88 




%   12.89   5.33 0.00   0.00 
Feed 01I (NOT DILUTED) 11/23/2019 2,515.80   2,617.80   827.00 16.10   
Feed 01I (NOT DILUTED) 11/26/2019         1,190.00   0.88 
Feed 01I (NOT DILUTED) 12/5/2019               
Feed 01I (NOT DILUTED) 12/9/2019         1,450.00   0.97 
Feed 01I (NOT DILUTED) 12/18/2019   2,400.00   290.00       
Feed 01I (NOT DILUTED) 12/20/2019               
Feed 01I (NOT DILUTED) 12/27/2019               
Feed 01I (NOT DILUTED) 1/10/2020               
Feed 01I (NOT DILUTED) 1/17/2020         3,060.00   127.30 
Feed 01I (NOT DILUTED) 1/22/2020               
Feed 01I (NOT DILUTED) 1/31/2020   8,300.00   770.00       




Feed 01I (NOT DILUTED) NO DAP 2/19/2020   13,000.00   1,400.00 3,120.00   130.83 
Feed 01I (NOT DILUTED) 2/29/2020   12,000.00   1,400.00 2,980.00   130.83 
Feed 01I NOT DILUTED 3/4/2020               
UNDILUTED FEED 
AVG   10,325.00   1,400.00 2,048.14   115.25 
STDV   2,547.38   0.00 978.16   28.85 
%   24.67   0.00 47.76   25.03 
          
  
Sample ID Date 
Hex. Chromium Cr Phosphate - PO4 Ammonia - NH3 COD 
  mg/L mg/L mg/L mg/L mg/L 








Feed 01I half molasses 8/27/2019 23.00           
Feed 01I 9/19/2019             




Feed 01I diluted NO DAP 10/9/2019             
Feed 01I diluted 10/25/2019             
Feed 01I (DILUTED) 11/20/2019         48.00   
Feed 01I (DILUTED) 11/23/2019   2.65   96.63   2,480.00 
DILUTED FEED 
AVG 23.00 2.65   96.63 48.00 2,480.00 
STDV 0.00 0.00   0.00 0.00 0.00 
% 0.00 0.00   0.00 0.00 0.00 
Feed 01I (NOT DILUTED) 11/23/2019 90.00 8.68   111.35   1,150.00 
Feed 01I (NOT DILUTED) 11/26/2019 6.80 4.75   84.45 57.12   
Feed 01I (NOT DILUTED) 12/5/2019         136.80   
Feed 01I (NOT DILUTED) 12/9/2019   3.70   81.60     
Feed 01I (NOT DILUTED) 12/18/2019   8.68   111.35     




Feed 01I (NOT DILUTED) 12/27/2019         114.96   
Feed 01I (NOT DILUTED) 1/10/2020         132.00   
Feed 01I (NOT DILUTED) 1/17/2020   34.12   81.99     
Feed 01I (NOT DILUTED) 1/22/2020         25.80   
Feed 01I (NOT DILUTED) 1/31/2020             
Feed 01I NOT DILUTED 2/4/2020   25.75   53.99     
Feed 01I (NOT DILUTED) NO DAP 2/19/2020   39.07   0.34 56.20   
Feed 01I (NOT DILUTED) 2/29/2020   37.39   58.59     
Feed 01I NOT DILUTED 3/4/2020     69.50   18.67   
UNDILUTED FEED 
AVG 90.00 34.08   83.33 75.82 1,150.00 
STDV 0.00 5.92   22.54 46.33 0.00 






Sample ID Date 
TDS TOC Chloroform Formaldehyde 
Formic 
Acid 








Feed 01I half molasses 8/27/2019 2,331.33         
Feed 01I 9/19/2019           
Feed 01I diluted w/ DAP 10/9/2019           
Feed 01I diluted NO DAP 10/9/2019           
Feed 01I diluted 10/25/2019     40.00     
Feed 01I (DILUTED) 11/20/2019           
Feed 01I (DILUTED) 11/23/2019 5,348.00         
DILUTED FEED 
AVG 5,348.00   40.00 0.00 0.00 
STDV 0.00   0.00 0.00 0.00 
% 0.00   0.00 0.00 0.00 




Feed 01I (NOT DILUTED) 11/26/2019           
Feed 01I (NOT DILUTED) 12/5/2019           
Feed 01I (NOT DILUTED) 12/9/2019           
Feed 01I (NOT DILUTED) 12/18/2019           
Feed 01I (NOT DILUTED) 12/20/2019           
Feed 01I (NOT DILUTED) 12/27/2019           
Feed 01I (NOT DILUTED) 1/10/2020           
Feed 01I (NOT DILUTED) 1/17/2020           
Feed 01I (NOT DILUTED) 1/22/2020           
Feed 01I (NOT DILUTED) 1/31/2020           
Feed 01I NOT DILUTED 2/4/2020           
Feed 01I (NOT DILUTED) NO DAP 2/19/2020 17,223.33         




Feed 01I NOT DILUTED 3/4/2020   700.00       
UNDILUTED FEED 
AVG 17,223.33 700.00 0.00 0.00 0.00 
STDV 0.00 0.00 0.00 0.00 0.00 






Sample ID Date 
Metal Scan 
Al As B Ba Ca Cd Co Cr Cu 
  









Feed 01I half molasses 8/27/2019                   
Feed 01I 9/19/2019                   
Feed 01I diluted w/ DAP 10/9/2019                   
Feed 01I diluted NO DAP 10/9/2019                   
Feed 01I diluted 10/25/2019                   
Feed 01I (DILUTED) 11/20/2019                   
Feed 01I (DILUTED) 11/23/2019 0.031 0.014 0.52 0.144 164.60 0.001 0.002 2.65 0.029 
DILUTED FEED 
AVG 0.03 0.01 0.52 0.14 164.60 0.00 0.00 2.65 0.03 




% 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Feed 01I (NOT DILUTED) 11/23/2019 0.013 0.042 1.53 0.070 313.90 0.001 0.002 8.68 0.058 
Feed 01I (NOT DILUTED) 11/26/2019 0.017 0.049 1.55 0.017 272.70 0.001 0.001 4.75 0.022 
Feed 01I (NOT DILUTED) 12/5/2019                   
Feed 01I (NOT DILUTED) 12/9/2019 0.008 0.045 1.55 0.018 273.00 0.001 0.002 3.70 0.005 
Feed 01I (NOT DILUTED) 12/18/2019 0.013 0.042 1.53 0.070 313.90 0.001 0.001 8.68 0.058 
Feed 01I (NOT DILUTED) 12/20/2019                   
Feed 01I (NOT DILUTED) 12/27/2019                   
Feed 01I (NOT DILUTED) 1/10/2020                   
Feed 01I (NOT DILUTED) 1/17/2020 0.001 0.015 1.39 0.048 981.50 0.001 0.006 34.12 0.001 
Feed 01I (NOT DILUTED) 1/22/2020                   
Feed 01I (NOT DILUTED) 1/31/2020                   




Feed 01I (NOT DILUTED) NO DAP 2/19/2020 0.002 0.016 1.40 0.064 1,014.00 0.001 0.008 39.07 0.011 
Feed 01I (NOT DILUTED) 2/29/2020 0.001 0.019 1.34 0.054 981.80 0.001 0.009 37.39 0.005 
Feed 01I NOT DILUTED 3/4/2020                   
UNDILUTED FEED 
AVG 0.01 0.03 1.46 0.05 612.56 0.00 0.00 20.27 0.02 
STDV 0.01 0.01 0.09 0.02 350.84 0.00 0.00 15.36 0.02 







Sample ID Date 
Metal Scan 
Fe K Mg Mn Mo Na Ni 









Feed 01I half molasses 8/27/2019               
Feed 01I 9/19/2019               
Feed 01I diluted w/ DAP 10/9/2019               
Feed 01I diluted NO DAP 10/9/2019               
Feed 01I diluted 10/25/2019               
Feed 01I (DILUTED) 11/20/2019               
Feed 01I (DILUTED) 11/23/2019 0.691 57.61 58.31 0.077 0.009 549.90 0.01 
DILUTED FEED 
AVG 0.69 57.61 58.31 0.08 0.01 549.90 0.01 




% 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Feed 01I (NOT DILUTED) 11/23/2019 0.151 45.40 138.70 0.019 0.017 1,550.00 0.03 
Feed 01I (NOT DILUTED) 11/26/2019 0.040 45.73 133.40 0.016 0.015 1,446.00 0.04 
Feed 01I (NOT DILUTED) 12/5/2019               
Feed 01I (NOT DILUTED) 12/9/2019 0.033 44.53 133.50 0.010 0.015 1,453.00 0.04 
Feed 01I (NOT DILUTED) 12/18/2019 0.151 45.40 138.70 0.019 0.017 1,550.00 0.03 
Feed 01I (NOT DILUTED) 12/20/2019               
Feed 01I (NOT DILUTED) 12/27/2019               
Feed 01I (NOT DILUTED) 1/10/2020               
Feed 01I (NOT DILUTED) 1/17/2020 0.024 66.86 513.30 0.040 0.012 3,491.00 0.11 
Feed 01I (NOT DILUTED) 1/22/2020               
Feed 01I (NOT DILUTED) 1/31/2020               




Feed 01I (NOT DILUTED) NO DAP 2/19/2020 0.193 70.07 521.40 0.048 0.011 3,527.00 0.12 
Feed 01I (NOT DILUTED) 2/29/2020 0.036 68.02 516.50 0.036 0.012 3,493.00 0.12 
Feed 01I NOT DILUTED 3/4/2020               
UNDILUTED FEED 
AVG 0.09 54.69 308.33 0.03 0.01 2,429.00 0.07 
STDV 0.07 11.52 190.26 0.01 0.00 1,012.26 0.04 
% 71.86 21.06 61.71 48.93 21.18 41.67 58.72 
  
  
Sample ID Date 
Metal Scan 
P Pb S SO4 Se Si Sr Zn 
  









Feed 01I half molasses 8/27/2019                 
Feed 01I 9/19/2019                 




Feed 01I diluted NO DAP 10/9/2019                 
Feed 01I diluted 10/25/2019                 
Feed 01I (DILUTED) 11/20/2019                 
Feed 01I (DILUTED) 11/23/2019 31.50 0.001 163.10 489.30 0.025 22.37 3.11 0.140 
DILUTED FEED 
AVG 31.50 0.00 163.10 489.30 0.03 22.37 3.11 0.14 
STDV 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
% 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Feed 01I (NOT DILUTED) 11/23/2019 36.30 0.009 400.40 1,201.20 0.011 60.41 7.48 0.028 
Feed 01I (NOT DILUTED) 11/26/2019 27.53 0.004 397.90 1,194.00 0.025 54.55 7.02 0.024 
Feed 01I (NOT DILUTED) 12/5/2019                 
Feed 01I (NOT DILUTED) 12/9/2019 26.60 0.006 398.20 1,195.00 0.025 54.51 7.04 0.022 
Feed 01I (NOT DILUTED) 12/18/2019 36.30 0.009 400.40   0.011 60.41 7.48 0.028 




Feed 01I (NOT DILUTED) 12/27/2019                 
Feed 01I (NOT DILUTED) 1/10/2020                 
Feed 01I (NOT DILUTED) 1/17/2020 26.73 0.001 357.80 1,073.00 0.025 40.23 28.93 0.007 
Feed 01I (NOT DILUTED) 1/22/2020                 
Feed 01I (NOT DILUTED) 1/31/2020                 
Feed 01I NOT DILUTED 2/4/2020 17.60 0.000 409.00 1,227.00 0.000 49.78 20.18 0.010 
Feed 01I (NOT DILUTED) NO DAP 2/19/2020 0.11 0.001 363.50 1,091.00 0.025 40.27 29.69 0.025 
Feed 01I (NOT DILUTED) 2/29/2020 19.10 0.001 360.90 1,083.00 0.025 40.32 28.92 0.001 
Feed 01I NOT DILUTED 3/4/2020                 
UNDILUTED FEED 
AVG 23.78 0.00 386.01 1,152.03 0.02 50.06 17.09 0.02 
STDV 11.74 0.00 21.27 66.31 0.01 8.80 10.93 0.01 














Sample ID Date 
Chlorate Perchlorate Chloride  Nitrate- NO3 







  UNLV USUAL 
Feed 02I 5/29/2019         255   2.7404 
Feed 02I 6/10/2019             0.884 
Feed 02I 6/17/2019   110   18       
Feed 02I 6/24/2019         263   3.6244 
Feed 02I 7/1/2019         287   0.884 













Sample ID Date 
Hex. Chromium Total 
Chromium 
Phosphate - PO4 Ammonia - NH3 COD 
mg/L mg/L mg/L mg/L mg/L 
  UNLV USUAL   
Feed 02I 5/29/2019 0.015 0.60  51.5   
Feed 02I 6/10/2019  0.52     
Feed 02I 6/17/2019       
Feed 02I 6/24/2019 0 0.53  63.804   
Feed 02I 7/1/2019 0.1 0.30  54.601   












Sample ID Date 
TDS TOC Chloroform Formaldehyde Formic Acid 
mg/L mg/L ug/L mg/L mg/L 
Feed 02I 5/29/2019      
Feed 02I 6/10/2019      
Feed 02I 6/17/2019      
Feed 02I 6/24/2019      
Feed 02I 7/1/2019      
Feed 02I 7/29/2019 3,198.89     
 
 









Al As B Ba Ca Cd Co Cr Cu 
mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 




Feed 02I 5/29/2019 0.281 0.016 0.380 0.040 95.1 0.001 0.002 0.60 0.039 
Feed 02I 6/10/2019 0.010 0.026 0.466 0.087 82.6 0.001 0.001 0.52 0.005 
Feed 02I 6/17/2019          
Feed 02I 6/24/2019 0.071 0.045 0.570 0.058 84.1 0.001 0.002 0.53 0.029 
Feed 02I 7/1/2019 0.050 0.018 0.350 0.039 56.3 0.001 0.002 0.30 0.004 








Sample ID Date 
Metal Scan 
Fe K Mg Mn Mo Na Ni 
mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
       
Feed 02I 5/29/2019 0.630 55.1 55.1 0.028 0.03 445 0.006 
Feed 02I 6/10/2019 0.590 59.5 25.5 0.039 0.02 400 0.002 




Feed 02I 6/24/2019 0.550 65.5 26 0.024 0.07 472 0.021 
Feed 02I 7/1/2019 0.290 40.7 17.1 0.018 0.02 306 0.003 








Sample ID Date 
Metal Scan 
P Pb S SO4 Se Si Sr Zn 
mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
        
Feed 02I 5/29/2019 16.8 0.002 108 323 0.025 13.0 1.12 0.082 
Feed 02I 6/10/2019         
Feed 02I 6/17/2019         
Feed 02I 6/24/2019 20.800 0.028 161 484 0.025 21.6 1.0 0.045 
Feed 02I 7/1/2019 17.8 0.002 105 316 0.025 12.3 0.68 0.027 





Appendix E: Chemical Compounds Evaluation in Columns Effluent 
Table E.1 – Chemicals concentration in effluent from Column A 
Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Al As B Ba Ca 
mg/L mg/L mg/L mg/L mg/L 
RECIRCULATION 2/12/19 12:00 0.0 0.0 0.0 0.0           
Diluted Feed 3/9/19 13:10 601.2 36070.0 601.2 25.0 0.390 0.012 0.474 0.060 204.233 
Column A 03/11/19 3/11/19 13:08 48.0 2878.0 649.1 27.0 0.001 0.001 0.375 0.241 165.7 
Column A 03/13/19 3/13/19 10:23 45.2 2715.0 694.4 28.9           
Column A 03/15/19 3/15/19 14:30 52.1 3127.0 746.5 31.1 0.001 0.001 0.449 0.361 222.4 
Column A 03/19/19 3/19/19 12:30 94.0 5640.0 840.5 35.0 0.001 0.001 0.605 0.425 221 
Column A 03/23/19 3/23/19 12:40 96.2 5770.0 936.7 39.0 0.001 0.001 0.705 0.458 241.2 
Column A 03/25/19 3/25/19 12:00 47.3 2840.0 984.0 41.0           
Column A 03/27/19 3/27/19 12:10 48.2 2890.0 1032.2 43.0 0.001 0.001 0.609 0.351 283.5 




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Al As B Ba Ca 
mg/L mg/L mg/L mg/L mg/L 
Column A 04/02/19 4/2/19 17:30 77.6 4657.0 1181.5 49.2 0.001 0.001 0.62 0.293 284.9 
Column A 04/04/19 4/4/19 11:10 41.7 2500.0 1223.2 51.0 0.001 0.001 0.6 0.265 333.7 
Column A 04/06/19 4/6/19 11:10 48.0 2880.0 1271.2 53.0 0.001 0.001 0.657 0.298 419.5 
Column A 04/09/19 4/9/19 14:14 75.1 4504.0 1346.2 56.1 0.001 0.001 0.655 0.261 423.6 
Column A 04/11/19 4/11/19 18:15 52.0 3121.0 1398.2 58.3 0.001 0.001 0.64 0.25 417.8 
Column A 04/19/19 4/19/19 10:32 184.3 11057.0 1582.5 65.9           
Column A 04/21/19 4/21/19 18:30 56.0 3358.0 1638.5 68.3 0.0016 0.0374 0.6315 0.2285 165.3 
Column A 04/28/19 4/28/19 16:46 166.3 9976.0 1804.8 75.2 0.0159 0.0035 0.1211 0.0595 151.3 
Column A 05/02/19 5/2/19 14:37 93.8 5631.0 1898.6 79.1 0.001 0.0196 0.4373 0.1779 169.5 
Column A 05/04/19 5/4/19 12:00 45.4 2723.0 1944.0 81.0           




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Al As B Ba Ca 
mg/L mg/L mg/L mg/L mg/L 
Column A 05/17/19 5/17/19 20:51 194.9 11691.0 2264.9 94.4 0.034 0.0167 0.2654 0.178 293.5 
Column A 05/21/19 5/21/19 11:00 86.2 5169.0 2351.0 98.0 0.021 0.0248 0.6145 0.310 434.8 
Column A 05/27/19 5/27/19 9:30 142.5 8550.0 2493.5 103.9 0.015 0.0315 0.5638 0.1178 315.9 
Column A 05/29/19 5/29/19 11:30 50.0 3000.0 2543.5 106.0           
Column A 05/31/19 5/31/19 10:00 46.5 2790.0 2590.0 107.9           
Column A 06/03/19 6/3/19 11:00 73.0 4380.0 2663.0 111.0 0.0737 0.0203 0.5569 0.2077 298.7 
Column A 06/05/19 6/5/19 11:00 48.0 2880.0 2711.0 113.0           
Column A 06/07/19 6/7/19 11:00 48.0 2880.0 2759.0 115.0           
Column A 06/12/19 6/12/19 11:00 120.0 7200.0 2879.0 120.0           
Column A 06/14/19 6/14/19 13:00 50.0 3000.0 2929.0 122.0           




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Al As B Ba Ca 
mg/L mg/L mg/L mg/L mg/L 
Column A 06/19/19 6/19/19 11:00 47.0 2820.0 3047.0 127.0 0.001 0.0416 0.563 0.1115 211.9 
Column A 06/21/19 6/21/19 12:30 49.5 2970.0 3096.5 129.0           
Column A 06/24/19 6/24/19 13:00 72.5 4350.0 3169.0 132.0 0.001 0.0288 0.6188 0.0305 206.3 
Column A 06/26/19 6/26/19 12:00 47.0 2820.0 3216.0 134.0           
Column A 06/28/19 6/28/19 12:00 48.0 2880.0 3264.0 136.0           
Column A 07/01/19 7/1/19 13:00 73.0 4380.0 3337.0 139.0           
Column A 07/03/19 7/3/19 8:30 43.5 2610.0 3380.5 140.9           
Column A 07/05/19 7/5/19 10:20 49.8 2990.0 3430.3 142.9           
Column A 07/08/19 7/8/19 12:30 74.2 4450.0 3504.5 146.0           
Column A 07/10/19 7/10/19 12:00 47.5 2850.0 3552.0 148.0           




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Al As B Ba Ca 
mg/L mg/L mg/L mg/L mg/L 
Column A 07/15/19 7/15/19 11:00 70.0 4200.0 3671.0 153.0           
Column A 07/17/19 7/17/19 11:00 48.0 2880.0 3719.0 155.0           
Column A 07/19/19 7/19/19 13:00 50.0 3000.0 3769.0 157.0 0.001 0.0137 0.573 0.0583 217.5 
Column A 07/26/19 7/26/19 11:00 49.0 2940.0 3935.0 164.0 0.001 0.018 0.5509 0.0315 177.5 
Column A 07/22/19 7/22/19 12:30 71.5 4290.0 3840.5 160.0 0.001 0.0095 0.5623 0.0156 220.4 
Column A 07/24/19 7/24/19 10:00 45.5 2730.0 3886.0 161.9           
Column A 07/26/19 7/26/19 11:00 49.0 2940.0 3935.0 164.0 0.001 0.018 0.5509 0.0315 177.5 
Column A 08/02/19 8/2/19 12:00 169.0 10140.0 4104.0 171.0           
Column A 08/05/19 8/5/19 11:30 71.5 4290.0 4175.5 174.0           
Column A 08/09/19 8/9/19 12:00 96.5 5790.0 4272.0 178.0           




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Al As B Ba Ca 
mg/L mg/L mg/L mg/L mg/L 
Column A 08/14/19 8/14/19 10:00 44.0 2640.0 4390.0 182.9           
Column A 08/16/19 8/16/19 12:00 50.0 3000.0 4440.0 185.0           
AVERAGE PERIOD 1 0.008 0.014 0.550 0.210 269.400 
Column A 08/19/19 8/19/19 13:00 73.0 4380.0 4513.0 188.0 0.001 0.0146 0.4841 0.08 155.7 
Column A 08/21/19 8/21/19 11:00 46.0 2760.0 4559.0 190.0           
Column A 08/23/19 8/23/19 9:00 46.0 2760.0 4605.0 191.9 0.001 0.0233 0.5446 0.0618 159.7 
Column A 08/26/19 8/26/19 9:00 72.0 4320.0 4677.0 194.9           
Column A 08/28/19 8/28/19 8:00 47.0 2820.0 4724.0 196.8           
AVERAGE PERIOD 2 0.001 0.01895 0.51435 0.0709 157.7 
Column A 08/30/19  8/30/19 11:00 51.0 3060.0 4775.0 199.0 0.001 0.0246 0.6961 0.0772 179.8 




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Al As B Ba Ca 
mg/L mg/L mg/L mg/L mg/L 
Column A 09/04/19 9/4/19 7:30 45.0 2700.0 4891.5 203.8 0.0057 0.0282 0.9006 0.0918 164.9 
Column A 09/06/19 9/6/19 8:00 48.5 2910.0 4940.0 205.8 0.001 0.0205 0.6719 0.0677 65.73 
Column A 09/09/19 9/9/19 8:30 72.5 4350.0 5012.5 208.9           
Column A 09/11/19 9/11/19 10:30 50.0 3000.0 5062.5 210.9 0.0021 0.0243 1.356 0.1098 195.8 
Column A 09/13/19 9/13/19 10:45 48.2 2895.0 5110.7 212.9           
Column A 09/16/19 9/16/19 10:40 71.9 4315.0 5182.7 215.9           
Column A 09/19/19 9/19/19 8:30 69.8 4190.0 5252.5 218.9           
Column A 09/21/19 9/21/19 10:00 49.5 2970.0 5302.0 220.9           
Column A 09/23/19 9/23/19 8:00 46.0 2760.0 5348.0 222.8           
Column A 09/25/19 9/25/19 10:30 50.5 3030.0 5398.5 224.9           




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Al As B Ba Ca 
mg/L mg/L mg/L mg/L mg/L 
Column A 09/30/19 9/30/19 13:00 75.0 4500.0 5521.0 230.0           
Column A 10/02/19 10/2/19 13:30 48.5 2910.0 5569.5 232.1           
Column A 10/05/19 10/5/19 10:00 68.5 4110.0 5638.0 234.9           
Column A 10/07/19 10/7/19 14:30 52.5 3150.0 5690.5 237.1           
Column A 10/09/19 10/9/19 13:40 47.2 2830.0 5737.7 239.1           
Column A 10/12/19  10/12/19 3:30 61.8 3710.0 5799.5 241.6           
Column A 10/14/19 10/14/1915:40 60.2 3610.0 5859.7 244.2           
AVERAGE PERIOD 3 0.002 0.024 0.906 0.087 151.558 
Column A 10/16/19 10/16/1915:00 47.3 2840.0 5907.0 246.1 0.001 0.0418 0.669 0.0908 132.9 
Column A 10/18/19  10/18/1916:00 49.0 2940.0 5956.0 248.2           




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Al As B Ba Ca 
mg/L mg/L mg/L mg/L mg/L 
Column A 10/23/19 10/23/19 8:20 48.3 2900.0 6068.3 252.8           
Column A 10/25/19 10/25/19 8:30 48.2 2890.0 6116.5 254.9           
Column A 10/28/19 10/28/19 8:10 71.7 4300.0 6188.2 257.8           
Column A 10/30/19 10/30/1910:30 50.3 3020.0 6238.5 259.9           
Column A 11/01/19 11/1/19 8:15 45.8 2745.0 6284.3 261.8           
Column A 11/04/19 11/4/19 7:45 71.5 4290.0 6355.7 264.8           
Column A 11/06/19 11/6/19 10:40 50.9 3055.0 6406.7 266.9           
Column A 11/08/19 11/8/19 9:00 46.3 2780.0 6453.0 268.9           
Column A 11/11/19 11/11/19 8:00 71.0 4260.0 6524.0 271.8           
Column A 11/13/19 11/13/1914:30 54.5 3270.0 6578.5 274.1           




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Al As B Ba Ca 
mg/L mg/L mg/L mg/L mg/L 
Column A 11/18/19 11/18/19 9:30 72.1 4325.0 6693.5 278.9           
Column A 11/20/19 11/20/19 8:30 47.0 2820.0 6740.5 280.9           
Column A 11/22/19 11/22/19 8:15 47.8 2865.0 6788.3 282.8           
AVERAGE PERIOD 4 0.001 0.0418 0.669 0.0908 132.9 
Undiluted Feed 11/22/19 8:15 47.8 2865.0 6788.3 283 0.009 0.021 1.587 0.058 575.650 
Column A 11/26/19 11/26/19 8:18 96.0 5763.0 6884.3 286.8 0.0037 0.0131 0.9425 0.0448 404.4 
Column A 11/28/19 11/28/19 14:02 53.7 3224.0 6938.0 289.1           
Column A 11/30/19 11/30/19 10:30 44.5 2668.0 6982.5 290.9           
Column A 12/02/19 12/2/19 9:36 47.1 2826.0 7029.6 292.9           
Column A 12/04/19 12/4/19 10:30 48.9 2934.0 7078.5 294.9           




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Al As B Ba Ca 
mg/L mg/L mg/L mg/L mg/L 
Column A 12/09/19 12/9/19 8:30 69.0 4140.0 7196.5 299.9 0.001 0.0105 0.7826 0.0195 407.8 
Column A 12/11/19 12/11/19 8:00 47.5 2850.0 7244.0 301.8           
Column A 12/13/19 12/13/19 11:00 51.0 3060.0 7295.0 304.0           
Column A 12/16/19 12/16/19 14:01 75.0 4501.0 7370.0 307.1           
Column A 12/18/19 12/18/19 10:21 44.3 2660.0 7414.4 308.9           
Column A 12/20/19 12/20/19 9:46 47.4 2845.0 7461.8 310.9           
Column A 12/25/19 12/25/19 10:30 120.7 7244.0 7582.5 315.9           
Column A 12/27/19 12/27/19 8:32 46.0 2762.0 7628.5 317.9           
Column A 12/30/19 12/30/19 10:52 74.3 4460.0 7702.9 321.0           
Column A 01/1/20 1/1/20 12:48 49.9 2996.0 7752.8 323.0           




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Al As B Ba Ca 
mg/L mg/L mg/L mg/L mg/L 
Column A 01/06/20 1/6/20 15:34 71.6 4298.0 7875.6 328.1           
Column A 01/10/20 1/10/20 9:07 89.6 5373.0 7965.1 331.9           
Column A 01/17/20 1/17/20 13:00 171.9 10313.0 8137.0 339.0 0.001 0.0081 0.9668 0.0233 175.7 
Column A 01/20/20 1/20/20 11:00 70.0 4200.0 8207.0 342.0           
Column A 01/22/20 1/22/20 11:00 48.0 2880.0 8255.0 344.0           
Column A 01/24/20 1/24/20 11:00 48.0 2880.0 8303.0 346.0           
Column A 01/27/20 1/27/20 14:00 75.0 4500.0 8378.0 349.1           
Column A 01/31/20 1/31/20 8:40 90.7 5440.0 8468.7 352.9           
Column A 02/04/20 2/4/20 15:35 102.9 6175.0 8571.6 357.1           
Column A 02/07/20 2/7/20 8:20 64.7 3885.0 8636.3 359.8           




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Al As B Ba Ca 
mg/L mg/L mg/L mg/L mg/L 
Column A 02/14/20 2/14/20 11:10 69.2 4150.0 8807.2 367.0           
Column A 02/18/20 2/18/20 15:12 100.0 6002.0 8907.2 371.1           
Column A 02/21/20 2/21/20 11:00 67.8 4068.0 8975.0 374.0           
Column A 02/25/20 2/25/20 14:00 99.0 5940.0 9074.0 378.1           
End of Test 02/28/20 2/28/20 14:30 72.5 4350.0 9146.5 381.1           







Sample ID Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Cd Co Cr Cu Fe 
mg/L mg/L mg/L mg/L mg/L 
RECIRCULATION 2/12/19 12:00 0.0 0.0 0.0 0.0           
Diluted Feed 3/9/19 13:10 601.2 36070.0 601.2 25.0 0.001 0.002 7.808 0.020 1.082 
Column A 03/11/19 3/11/19 13:08 48.0 2878.0 649.1 27.0 0.001 0.001 0.429 0.001 0.001 
Column A 03/13/19 3/13/19 10:23 45.2 2715.0 694.4 28.9           
Column A 03/15/19 3/15/19 14:30 52.1 3127.0 746.5 31.1 0.001 0.001 0.206 0.001 0.001 
Column A 03/19/19 3/19/19 12:30 94.0 5640.0 840.5 35.0 0.001 0.001 0.157 0.001 0.001 
Column A 03/23/19 3/23/19 12:40 96.2 5770.0 936.7 39.0 0.001 0.001 0.385 0.001 0.001 
Column A 03/25/19 3/25/19 12:00 47.3 2840.0 984.0 41.0           
Column A 03/27/19 3/27/19 12:10 48.2 2890.0 1032.2 43.0 0.001 0.001 0.646 0.001 0.001 
Column A 03/30/19 3/30/19 11:53 71.7 4303.0 1103.9 46.0           




Sample ID Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Cd Co Cr Cu Fe 
mg/L mg/L mg/L mg/L mg/L 
Column A 04/04/19 4/4/19 11:10 41.7 2500.0 1223.2 51.0 0.001 0.001 1.591 0.001 0.001 
Column A 04/06/19 4/6/19 11:10 48.0 2880.0 1271.2 53.0 0.001 0.001 2.052 0.001 0.001 
Column A 04/09/19 4/9/19 14:14 75.1 4504.0 1346.2 56.1 0.001 0.001 1.452 0.001 0.001 
Column A 04/11/19 4/11/19 18:15 52.0 3121.0 1398.2 58.3 0.001 0.001 0.966 0.001 0.001 
Column A 04/19/19 4/19/19 10:32 184.3 11057.0 1582.5 65.9           
Column A 04/21/19 4/21/19 18:30 56.0 3358.0 1638.5 68.3 0.001 0.0055 0.7067 0.0091 0.019 
Column A 04/28/19 4/28/19 16:46 166.3 9976.0 1804.8 75.2 0.001 0.0014 0.4612 0.002 0.0189 
Column A 05/02/19 5/2/19 14:37 93.8 5631.0 1898.6 79.1 0.001 0.0057 0.4756 0.0243 0.0106 
Column A 05/17/19 5/17/19 20:51 194.9 11691.0 2264.9 94.4 0.001 0.0031 1.032 0.001 0.1403 
Column A 05/21/19 5/21/19 11:00 86.2 5169.0 2351.0 98.0 0.001 0.0047 1.121 0.0643 0.0459 




Sample ID Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Cd Co Cr Cu Fe 
mg/L mg/L mg/L mg/L mg/L 
Column A 05/29/19 5/29/19 1:30 50.0 3000.0 2543.5 106.0           
Column A 05/31/19 5/31/1910:00 46.5 2790.0 2590.0 107.9           
Column A 06/03/19 6/3/19 11:00 73.0 4380.0 2663.0 111.0 0.001 0.0027 1.781 0.001 0.0462 
Column A 06/05/19 6/5/19 11:00 48.0 2880.0 2711.0 113.0           
Column A 06/07/19 6/7/19 11:00 48.0 2880.0 2759.0 115.0           
Column A 06/12/19 6/12/1911:00 120.0 7200.0 2879.0 120.0           
Column A 06/14/19 6/14/1913:00 50.0 3000.0 2929.0 122.0           
Column A 06/17/19 6/17/1912:00 71.0 4260.0 3000.0 125.0           
Column A 06/19/19 6/19/1911:00 47.0 2820.0 3047.0 127.0 0.001 0.0038 0.3482 0.0124 0.001 
Column A 06/21/19 6/21/1912:30 49.5 2970.0 3096.5 129.0           




Sample ID Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Cd Co Cr Cu Fe 
mg/L mg/L mg/L mg/L mg/L 
Column A 06/26/19 6/26/1912:00 47.0 2820.0 3216.0 134.0           
Column A 06/28/19 6/28/1912:00 48.0 2880.0 3264.0 136.0           
Column A 07/01/19 7/1/19 13:00 73.0 4380.0 3337.0 139.0           
Column A 07/03/19 7/3/19 8:30 43.5 2610.0 3380.5 140.9           
Column A 07/05/19 7/5/19 10:20 49.8 2990.0 3430.3 142.9           
Column A 07/08/19 7/8/19 12:30 74.2 4450.0 3504.5 146.0           
Column A 07/10/19 7/10/1912:00 47.5 2850.0 3552.0 148.0           
Column A 07/12/19 7/12/1913:00 49.0 2940.0 3601.0 150.0           
Column A 07/15/19 7/15/1911:00 70.0 4200.0 3671.0 153.0           
Column A 07/17/19 7/17/1911:00 48.0 2880.0 3719.0 155.0           




Sample ID Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Cd Co Cr Cu Fe 
mg/L mg/L mg/L mg/L mg/L 
Column A 07/22/19 7/22/1912:30 71.5 4290.0 3840.5 160.0 0.001 0.005 0.5434 0.0016 0.001 
Column A 07/24/19 7/24/19 0:00 45.5 2730.0 3886.0 161.9           
Column A 07/26/19 7/26/19 1:00 49.0 2940.0 3935.0 164.0 0.001 0.0056 0.4853 0.0195 0.0068 
Column A 08/02/19 8/2/19 12:00 169.0 10140.0 4104.0 171.0           
Column A 08/05/19 8/5/19 11:30 71.5 4290.0 4175.5 174.0           
Column A 08/09/19 8/9/19 12:00 96.5 5790.0 4272.0 178.0           
Column A 08/12/19 8/12/1914:00 74.0 4440.0 4346.0 181.1 0.001 0.0032 0.7158 0.001 0.1176 
Column A 08/14/19 8/14/1910:00 44.0 2640.0 4390.0 182.9           
Column A 08/16/19 8/16/1912:00 50.0 3000.0 4440.0 185.0           
AVERAGE PERIOD 1 0.001 0.003 0.797 0.010 0.020 




Sample ID Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Cd Co Cr Cu Fe 
mg/L mg/L mg/L mg/L mg/L 
Column A 08/21/19 8/21/19 11:00 46.0 2760.0 4559.0 190.0           
Column A 08/23/19 8/23/19 9:00 46.0 2760.0 4605.0 191.9 0.001 0.0013 1.608 0.001 0.0022 
Column A 08/26/19 8/26/19 9:00 72.0 4320.0 4677.0 194.9           
Column A 08/28/19 8/28/19 8:00 47.0 2820.0 4724.0 196.8           
AVERAGE PERIOD 2 0.001 0.001 0.848 0.001 0.003 
Column A 08/30/19  8/30/1911:00 51.0 3060.0 4775.0 199.0 0.001 0.001 0.1255 0.001 0.001 
Column A 09/02/19 9/2/19 10:30 71.5 4290.0 4846.5 201.9           
Column A 09/04/19 9/4/19 7:30 45.0 2700.0 4891.5 203.8 0.001 0.001 0.2667 1.92 0.0115 
Column A 09/06/19 9/6/19 8:00 48.5 2910.0 4940.0 205.8 0.001 0.0017 0.1979 0.0025 0.0016 
Column A 09/09/19 9/9/19 8:30 72.5 4350.0 5012.5 208.9           




Sample ID Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Cd Co Cr Cu Fe 
mg/L mg/L mg/L mg/L mg/L 
Column A 09/13/19 9/13/19 10:45 48.2 2895.0 5110.7 212.9           
Column A 09/16/19 9/16/19 10:40 71.9 4315.0 5182.7 215.9           
Column A 09/19/19 9/19/19 8:30 69.8 4190.0 5252.5 218.9           
Column A 09/21/19 9/21/19 10:00 49.5 2970.0 5302.0 220.9           
Column A 09/23/19 9/23/19 8:00 46.0 2760.0 5348.0 222.8           
Column A 09/25/19 9/25/1910:30 50.5 3030.0 5398.5 224.9           
Column A 09/27/19 9/27/1910:00 47.5 2850.0 5446.0 226.9           
Column A 09/30/19 9/30/1913:00 75.0 4500.0 5521.0 230.0           
Column A 10/02/19 10/2/1913:30 48.5 2910.0 5569.5 232.1           
Column A 10/05/19 10/5/1910:00 68.5 4110.0 5638.0 234.9           




Sample ID Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Cd Co Cr Cu Fe 
mg/L mg/L mg/L mg/L mg/L 
Column A 10/09/19 10/9/19 3:40 47.2 2830.0 5737.7 239.1           
Column A 10/12/19  10/12/193:30 61.8 3710.0 5799.5 241.6           
Column A 10/14/19 10/14/1915:40 60.2 3610.0 5859.7 244.2           
AVERAGE PERIOD 3 0.001 0.001 0.248 0.485 0.004 
Column A 10/16/19 10/16/1915:00 47.3 2840.0 5907.0 246.1 0.001 0.0027 0.3809 0.1057 0.001 
Column A 10/18/19  10/18/1916:00 49.0 2940.0 5956.0 248.2           
Column A 10/21/19 10/21/19 8:00 64.0 3840.0 6020.0 250.8           
Column A 10/23/19 10/23/19 8:20 48.3 2900.0 6068.3 252.8           
Column A 10/25/19 10/25/19 8:30 48.2 2890.0 6116.5 254.9           
Column A 10/28/19 10/28/19 8:10 71.7 4300.0 6188.2 257.8           




Sample ID Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Cd Co Cr Cu Fe 
mg/L mg/L mg/L mg/L mg/L 
Column A 11/01/19 11/1/19 8:15 45.8 2745.0 6284.3 261.8           
Column A 11/04/19 11/4/19 7:45 71.5 4290.0 6355.7 264.8           
Column A 11/06/19 11/6/19 10:40 50.9 3055.0 6406.7 266.9           
Column A 11/08/19 11/8/19 9:00 46.3 2780.0 6453.0 268.9           
Column A 11/11/19 11/11/19 8:00 71.0 4260.0 6524.0 271.8           
Column A 11/13/19 11/13/1914:30 54.5 3270.0 6578.5 274.1           
Column A 11/15/19 11/15/19 9:25 42.9 2575.0 6621.4 275.9           
Column A 11/18/19 11/18/19 9:30 72.1 4325.0 6693.5 278.9           
Column A 11/20/19 11/20/19 8:30 47.0 2820.0 6740.5 280.9           
Column A 11/22/19 11/22/19 8:15 47.8 2865.0 6788.3 282.8           




Sample ID Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Cd Co Cr Cu Fe 
mg/L mg/L mg/L mg/L mg/L 
Undiluted Feed 11/22/19 8:15 47.8 2865.0 6788.3 283 0.001 0.005 37.395 0.025 0.213 
Column A 11/26/19 11/26/19 8:18 96.0 5763.0 6884.3 286.8 0.001 0.0031 3.37 0.0075 0.0445 
Column A 11/28/19 11/28/19 14:02 53.7 3224.0 6938.0 289.1           
Column A 11/30/19 11/30/19 10:30 44.5 2668.0 6982.5 290.9           
Column A 12/02/19 12/2/19 9:36 47.1 2826.0 7029.6 292.9           
Column A 12/04/19 12/4/19 10:30 48.9 2934.0 7078.5 294.9           
Column A 12/06/19 12/6/19 11:30 49.0 2940.0 7127.5 297.0           
Column A 12/09/19 12/9/19 8:30 69.0 4140.0 7196.5 299.9 0.001 0.001 2.128 0.0051 0.0087 
Column A 12/11/19 12/11/19 8:00 47.5 2850.0 7244.0 301.8           
Column A 12/13/19 12/13/19 11:00 51.0 3060.0 7295.0 304.0           




Sample ID Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Cd Co Cr Cu Fe 
mg/L mg/L mg/L mg/L mg/L 
Column A 12/18/19 12/18/19 10:21 44.3 2660.0 7414.4 308.9           
Column A 12/20/19 12/20/19 9:46 47.4 2845.0 7461.8 310.9           
Column A 12/25/19 12/25/19 10:30 120.7 7244.0 7582.5 315.9           
Column A 12/27/19 12/27/19 8:32 46.0 2762.0 7628.5 317.9           
Column A 12/30/19 12/30/19 10:52 74.3 4460.0 7702.9 321.0           
Column A 01/1/20 1/1/20 12:48 49.9 2996.0 7752.8 323.0           
Column A 01/03/20 1/3/20 15:56 51.1 3068.0 7803.9 325.2           
Column A 01/06/20 1/6/20 15:34 71.6 4298.0 7875.6 328.1           
Column A 01/10/20 1/10/20 9:07 89.6 5373.0 7965.1 331.9           
Column A 01/17/20 1/17/20 13:00 171.9 10313.0 8137.0 339.0 0.001 0.0025 0.571 0.003 0.0022 




Sample ID Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Cd Co Cr Cu Fe 
mg/L mg/L mg/L mg/L mg/L 
Column A 01/22/20 1/22/20 11:00 48.0 2880.0 8255.0 344.0           
Column A 01/24/20 1/24/20 11:00 48.0 2880.0 8303.0 346.0           
Column A 01/27/20 1/27/20 14:00 75.0 4500.0 8378.0 349.1           
Column A 01/31/20 1/31/20 8:40 90.7 5440.0 8468.7 352.9           
Column A 02/04/20 2/4/20 15:35 102.9 6175.0 8571.6 357.1           
Column A 02/07/20 2/7/20 8:20 64.7 3885.0 8636.3 359.8           
Column A 02/11/20 2/11/20 14:00 101.7 6100.0 8738.0 364.1           
Column A 02/14/20 2/14/20 11:10 69.2 4150.0 8807.2 367.0           
Column A 02/18/20 2/18/20 15:12 100.0 6002.0 8907.2 371.1           
Column A 02/21/20 2/21/20 11:00 67.8 4068.0 8975.0 374.0           




Sample ID Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Cd Co Cr Cu Fe 
mg/L mg/L mg/L mg/L mg/L 
End of Test 02/28/20 2/28/20 14:30 72.5 4350.0 9146.5 381.1           
AVERAGE PERIOD 5 0.001 0.002 2.023 0.005 0.018 
 
Sample ID Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
K Mg Mn Mo Na 
mg/L mg/L mg/L mg/L mg/L 
RECIRCULATION 2/12/19 12:00 0.0 0.0 0.0 0.0           
Diluted Feed 3/9/19 13:10 601.2 36070.0 601.2 25.0 56.557 94.258 0.034 0.025 1277.000 
Column A 03/11/19 3/11/1913:08 48.0 2878.0 649.1 27.0 75.27 140.2 0.212 0.001 1461 
Column A 03/13/19 3/13/19 10:23 45.2 2715.0 694.4 28.9           
Column A 03/15/19 3/15/19 14:30 52.1 3127.0 746.5 31.1 77.93 155.1 0.266 0.001 1505 




Sample ID Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
K Mg Mn Mo Na 
mg/L mg/L mg/L mg/L mg/L 
Column A 03/23/19 3/23/19 12:40 96.2 5770.0 936.7 39.0 92.52 189.2 0.393 0.001 1668 
Column A 03/25/19 3/25/19 12:00 47.3 2840.0 984.0 41.0           
Column A 03/27/19 3/27/19 12:10 48.2 2890.0 1032.2 43.0 69.32 177 0.542 0.001 1790 
Column A 03/30/19 3/30/19 11:53 71.7 4303.0 1103.9 46.0           
Column A 04/02/19 4/2/19 17:30 77.6 4657.0 1181.5 49.2 60.38 178.7 0.586 0.001 1928 
Column A 04/04/19 4/4/19 11:10 41.7 2500.0 1223.2 51.0 45.73 184.3 0.786 0.001 1910 
Column A 04/06/19 4/6/19 11:10 48.0 2880.0 1271.2 53.0 47.91 211.6 1.026 0.001 1997 
Column A 04/09/19 4/9/19 14:14 75.1 4504.0 1346.2 56.1 46.96 209.9 1.016 0.001 1919 
Column A 04/11/19 4/11/19 18:15 52.0 3121.0 1398.2 58.3 48.64 219 0.891 0.001 1953 
Column A 04/19/19 4/19/19 10:32 184.3 11057.0 1582.5 65.9           




Sample ID Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
K Mg Mn Mo Na 
mg/L mg/L mg/L mg/L mg/L 
Column A 04/28/19 4/28/19 16:46 166.3 9976.0 1804.8 75.2 38.23 112.4 0.4878 0.009 1103 
Column A 05/02/19 5/2/19 14:37 93.8 5631.0 1898.6 79.1 69.84 146.6 0.9982 0.0223 1402 
Column A 05/04/19 5/4/19 12:00 45.4 2723.0 1944.0 81.0           
Column A 05/17/19 5/17/19 20:51 194.9 11691.0 2264.9 94.4 45.81 136.5 1.041 0.0516 1269 
Column A 05/21/19 5/21/19 11:00 86.2 5169.0 2351.0 98.0 68.65 240.7 1.739 0.0194 1606 
Column A 05/27/19 5/27/19 9:30 142.5 8550.0 2493.5 103.9 64.09 172 0.8296 0.011 1547 
Column A 05/29/19 5/29/19 11:30 50.0 3000.0 2543.5 106.0           
Column A 05/31/19 5/31/19 10:00 46.5 2790.0 2590.0 107.9           
Column A 06/03/19 6/3/19 11:00 73.0 4380.0 2663.0 111.0 53.11 125.2 1.29 0.0199 1263 
Column A 06/03/19 6/3/19 11:00 73.0 4380.0 2663.0 111.0 53.11 125.2 1.29 0.0199  




Sample ID Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
K Mg Mn Mo Na 
mg/L mg/L mg/L mg/L mg/L 
Column A 06/07/19 6/7/19 11:00 48.0 2880.0 2759.0 115.0           
Column A 06/12/19 6/12/19 11:00 120.0 7200.0 2879.0 120.0           
Column A 06/14/19 6/14/19 13:00 50.0 3000.0 2929.0 122.0           
Column A 06/17/19 6/17/19 12:00 71.0 4260.0 3000.0 125.0           
Column A 06/19/19 6/19/19 11:00 47.0 2820.0 3047.0 127.0 76.15 130.9 0.2789 0.0201 1187 
Column A 06/21/19 6/21/19 12:30 49.5 2970.0 3096.5 129.0           
Column A 06/24/19 6/24/19 13:00 72.5 4350.0 3169.0 132.0 57.26 125.5 0.1532 0.0169 1272 
Column A 06/26/19 6/26/19 12:00 47.0 2820.0 3216.0 134.0           
Column A 06/28/19 6/28/19 12:00 48.0 2880.0 3264.0 136.0           
Column A 07/01/19 7/1/19 13:00 73.0 4380.0 3337.0 139.0           




Sample ID Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
K Mg Mn Mo Na 
mg/L mg/L mg/L mg/L mg/L 
Column A 07/05/19 7/5/19 10:20 49.8 2990.0 3430.3 142.9           
Column A 07/08/19 7/8/19 12:30 74.2 4450.0 3504.5 146.0           
Column A 07/10/19 7/10/19 12:00 47.5 2850.0 3552.0 148.0           
Column A 07/12/19 7/12/19 13:00 49.0 2940.0 3601.0 150.0           
Column A 07/15/19 7/15/19 11:00 70.0 4200.0 3671.0 153.0           
Column A 07/17/19 7/17/19 11:00 48.0 2880.0 3719.0 155.0           
Column A 07/19/19 7/19/19 13:00 50.0 3000.0 3769.0 157.0 60.94 151.6 0.6287 0.0059 1286 
Column A 07/22/19 7/22/19 12:30 71.5 4290.0 3840.5 160.0 52.38 131.4 0.2291 0.0074 1210 
Column A 07/24/19 7/24/19 10:00 45.5 2730.0 3886.0 161.9           
Column A 07/26/19 7/26/19 11:00 49.0 2940.0 3935.0 164.0 51.93 130.4 0.3897 0.0084 1193 




Sample ID Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
K Mg Mn Mo Na 
mg/L mg/L mg/L mg/L mg/L 
Column A 08/05/19 8/5/19 11:30 71.5 4290.0 4175.5 174.0           
Column A 08/09/19 8/9/19 12:00 96.5 5790.0 4272.0 178.0           
Column A 08/12/19 8/12/19 14:00 74.0 4440.0 4346.0 181.1 61.37 122.3 1.533 0.0173 1129 
Column A 08/14/19 8/14/19 10:00 44.0 2640.0 4390.0 182.9           
Column A 08/16/19 8/16/19 12:00 50.0 3000.0 4440.0 185.0           
AVERAGE PERIOD 1 60.391 167.900 0.756 0.011 1530.091 
Column A 08/19/19 8/19/19 13:00 73.0 4380.0 4513.0 188.0 34.28 73.46 0.6247 0.0181 938 
Column A 08/21/19 8/21/19 11:00 46.0 2760.0 4559.0 190.0           
Column A 08/23/19 8/23/19 9:00 46.0 2760.0 4605.0 191.9 24.89 84.45 0.5103 0.0224 1085 
Column A 08/26/19 8/26/19 9:00 72.0 4320.0 4677.0 194.9           




Sample ID Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
K Mg Mn Mo Na 
mg/L mg/L mg/L mg/L mg/L 
AVERAGE PERIOD 2 29.585 78.955 0.568 0.020 1011.500 
Column A 08/30/19  8/30/19 11:00 51.0 3060.0 4775.0 199.0 22.64 100.1 0.7072 0.0215 1089 
Column A 09/02/19 9/2/19 10:30 71.5 4290.0 4846.5 201.9           
Column A 09/04/19 9/4/19 7:30 45.0 2700.0 4891.5 203.8 26.48 124.4 0.8476 0.0234 1264 
Column A 09/06/19 9/6/19 8:00 48.5 2910.0 4940.0 205.8 18.17 137 0.5449 0.0172 1368 
Column A 09/09/19 9/9/19 8:30 72.5 4350.0 5012.5 208.9           
Column A 09/11/19 9/11/19 10:30 50.0 3000.0 5062.5 210.9 27.47 149.6 1.088 0.0193 1293 
Column A 09/13/19 9/13/19 10:45 48.2 2895.0 5110.7 212.9           
Column A 09/16/19 9/16/19 10:40 71.9 4315.0 5182.7 215.9           
Column A 09/19/19 9/19/19 8:30 69.8 4190.0 5252.5 218.9           




Sample ID Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
K Mg Mn Mo Na 
mg/L mg/L mg/L mg/L mg/L 
Column A 09/23/19 9/23/19 8:00 46.0 2760.0 5348.0 222.8           
Column A 09/25/19 9/25/19 10:30 50.5 3030.0 5398.5 224.9           
Column A 09/27/19 9/27/19 10:00 47.5 2850.0 5446.0 226.9           
Column A 09/30/19 9/30/19 13:00 75.0 4500.0 5521.0 230.0           
Column A 10/02/19 10/2/19 13:30 48.5 2910.0 5569.5 232.1           
Column A 10/05/19 10/5/19 10:00 68.5 4110.0 5638.0 234.9           
Column A 10/07/19 10/7/19 14:30 52.5 3150.0 5690.5 237.1           
Column A 10/09/19 10/9/19 13:40 47.2 2830.0 5737.7 239.1           
Column A 10/12/19  10/12/19 3:30 61.8 3710.0 5799.5 241.6           
Column A 10/14/19 10/14/19 15:40 60.2 3610.0 5859.7 244.2           




Sample ID Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
K Mg Mn Mo Na 
mg/L mg/L mg/L mg/L mg/L 
Column A 10/16/19 10/16/19 15:00 47.3 2840.0 5907.0 246.1 24.46 155 0.682 0.0129 1241 
Column A 10/18/19  10/18/19 16:00 49.0 2940.0 5956.0 248.2           
Column A 10/21/19 10/21/19 8:00 64.0 3840.0 6020.0 250.8           
Column A 10/23/19 10/23/19 8:20 48.3 2900.0 6068.3 252.8           
Column A 10/25/19 10/25/19 8:30 48.2 2890.0 6116.5 254.9           
Column A 10/28/19 10/28/19 8:10 71.7 4300.0 6188.2 257.8           
Column A 10/30/19 10/30/19 10:30 50.3 3020.0 6238.5 259.9           
Column A 11/01/19 11/1/19 8:15 45.8 2745.0 6284.3 261.8           
Column A 11/04/19 11/4/19 7:45 71.5 4290.0 6355.7 264.8           
Column A 11/06/19 11/6/19 10:40 50.9 3055.0 6406.7 266.9           




Sample ID Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
K Mg Mn Mo Na 
mg/L mg/L mg/L mg/L mg/L 
Column A 11/11/19 11/11/19 8:00 71.0 4260.0 6524.0 271.8           
Column A 11/13/19 11/13/19 14:30 54.5 3270.0 6578.5 274.1           
Column A 11/15/19 11/15/19 9:25 42.9 2575.0 6621.4 275.9           
Column A 11/18/19 11/18/19 9:30 72.1 4325.0 6693.5 278.9           
Column A 11/20/19 11/20/19 8:30 47.0 2820.0 6740.5 280.9           
Column A 11/22/19 11/22/19 8:15 47.8 2865.0 6788.3 282.8           
AVERAGE PERIOD 4 24.46 155 0.682 0.0129 1241 
Undiluted Feed 11/22/19 8:15 47.8 2865.0 6788.3 283 85.003 280.538 0.019 0.013 4053.375 
Column A 11/26/19 11/26/19 8:18 96.0 5763.0 6884.3 286.8 57.8 194.2 0.7948 0.0055 2260 
Column A 11/28/19 11/28/19 14:02 53.7 3224.0 6938.0 289.1           




Sample ID Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
K Mg Mn Mo Na 
mg/L mg/L mg/L mg/L mg/L 
Column A 12/02/19 12/2/19 9:36 47.1 2826.0 7029.6 292.9           
Column A 12/04/19 12/4/19 10:30 48.9 2934.0 7078.5 294.9           
Column A 12/06/19 12/6/19 11:30 49.0 2940.0 7127.5 297.0           
Column A 12/09/19 12/9/19 8:30 69.0 4140.0 7196.5 299.9 41.74 180.5 0.482 0.0056 2603 
Column A 12/11/19 12/11/19 8:00 47.5 2850.0 7244.0 301.8           
Column A 12/13/19 12/13/19 11:00 51.0 3060.0 7295.0 304.0           
Column A 12/16/19 12/16/19 14:01 75.0 4501.0 7370.0 307.1           
Column A 12/18/19 12/18/19 10:21 44.3 2660.0 7414.4 308.9           
Column A 12/20/19 12/20/19 9:46 47.4 2845.0 7461.8 310.9           
Column A 12/25/19 12/25/19 10:30 120.7 7244.0 7582.5 315.9           




Sample ID Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
K Mg Mn Mo Na 
mg/L mg/L mg/L mg/L mg/L 
Column A 12/30/19 12/30/19 10:52 74.3 4460.0 7702.9 321.0           
Column A 01/1/20 1/1/20 12:48 49.9 2996.0 7752.8 323.0           
Column A 01/03/20 1/3/20 15:56 51.1 3068.0 7803.9 325.2           
Column A 01/06/20 1/6/20 15:34 71.6 4298.0 7875.6 328.1           
Column A 01/10/20 1/10/20 9:07 89.6 5373.0 7965.1 331.9           
Column A 01/17/20 1/17/20 13:00 171.9 10313.0 8137.0 339.0 43.87 164 0.3995 0.0081 2334 
Column A 01/20/20 1/20/20 11:00 70.0 4200.0 8207.0 342.0           
Column A 01/22/20 1/22/20 11:00 48.0 2880.0 8255.0 344.0           
Column A 01/24/20 1/24/20 11:00 48.0 2880.0 8303.0 346.0           
Column A 01/27/20 1/27/20 14:00 75.0 4500.0 8378.0 349.1           




Sample ID Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
K Mg Mn Mo Na 
mg/L mg/L mg/L mg/L mg/L 
Column A 02/04/20 2/4/20 15:35 102.9 6175.0 8571.6 357.1           
Column A 02/07/20 2/7/20 8:20 64.7 3885.0 8636.3 359.8           
Column A 02/11/20 2/11/20 14:00 101.7 6100.0 8738.0 364.1           
Column A 02/14/20 2/14/20 11:10 69.2 4150.0 8807.2 367.0           
Column A 02/18/20 2/18/20 15:12 100.0 6002.0 8907.2 371.1           
Column A 02/21/20 2/21/20 11:00 67.8 4068.0 8975.0 374.0           
Column A 02/25/20 2/25/20 14:00 99.0 5940.0 9074.0 378.1           
End of Test 02/28/20 2/28/20 14:30 72.5 4350.0 9146.5 381.1           














Ni P Pb S 
mg/L mg/L mg/L mg/L 
RECIRCULATION 2/12/19 12:00 0.0 0.0 0.0 0.0         
Diluted Feed 3/9/19 13:10 601.2 36070.0 601.2 25.0 0.004 28.782 0.001 158.750 
Column A 03/11/19 3/11/19 13:08 48.0 2878.0 649.1 27.0 0.001 4.423 0.001 109.9 
Column A 03/13/19 3/13/19 10:23 45.2 2715.0 694.4 28.9         
Column A 03/15/19 3/15/19 14:30 52.1 3127.0 746.5 31.1 0.001 4.758 0.001 109.9 
Column A 03/19/19 3/19/19 12:30 94.0 5640.0 840.5 35.0 0.001 5.246 0.001 119.2 
Column A 03/23/19 3/23/19 12:40 96.2 5770.0 936.7 39.0 0.001 7.303 0.001 137.1 
Column A 03/25/19 3/25/19 12:00 47.3 2840.0 984.0 41.0         
Column A 03/27/19 3/27/19 12:10 48.2 2890.0 1032.2 43.0 0.001 37.2 0.001 141.8 













Ni P Pb S 
mg/L mg/L mg/L mg/L 
Column A 04/02/19 4/2/19 17:30 77.6 4657.0 1181.5 49.2 0.001 27.82 0.001 148.1 
Column A 04/04/19 4/4/19 11:10 41.7 2500.0 1223.2 51.0 0.001 22.93 0.001 148.7 
Column A 04/06/19 4/6/19 11:10 48.0 2880.0 1271.2 53.0 0.001 16.74 0.001 156.2 
Column A 04/09/19 4/9/19 14:14 75.1 4504.0 1346.2 56.1 0.001 12.04 0.001 150.7 
Column A 04/11/19 4/11/19 18:15 52.0 3121.0 1398.2 58.3 0.001 7.611 0.001 149.6 
Column A 04/19/19 4/19/19 10:32 184.3 11057.0 1582.5 65.9         
Column A 04/21/19 4/21/19 18:30 56.0 3358.0 1638.5 68.3 0.0312 9.901 0.001 149.8 
Column A 04/28/19 4/28/19 16:46 166.3 9976.0 1804.8 75.2 0.0018 1.389 0.001 33.84 
Column A 05/02/19 5/2/19 14:37 93.8 5631.0 1898.6 79.1 0.0206 4.302 0.001 115.6 













Ni P Pb S 
mg/L mg/L mg/L mg/L 
Column A 05/17/19 5/17/19 20:51 194.9 11691.0 2264.9 94.4 0.0151 10.22 0.001 111.1 
Column A 05/21/19 5/21/19 11:00 86.2 5169.0 2351.0 98.0 0.0187 10.69 0.0034 147.2 
Column A 05/27/19 5/27/19 9:30 142.5 8550.0 2493.5 103.9 0.0211 11.26 0.0149 160.4 
Column A 05/29/19 5/29/19 11:30 50.0 3000.0 2543.5 106.0         
Column A 05/31/19 5/31/19 10:00 46.5 2790.0 2590.0 107.9         
Column A 06/03/19 6/3/19 11:00 73.0 4380.0 2663.0 111.0 0.014 15.81 0.001 151.8 
Column A 06/05/19 6/5/19 11:00 48.0 2880.0 2711.0 113.0         
Column A 06/07/19 6/7/19 11:00 48.0 2880.0 2759.0 115.0         
Column A 06/12/19 6/12/19 11:00 120.0 7200.0 2879.0 120.0         













Ni P Pb S 
mg/L mg/L mg/L mg/L 
Column A 06/17/19 6/17/19 12:00 71.0 4260.0 3000.0 125.0         
Column A 06/19/19 6/19/19 11:00 47.0 2820.0 3047.0 127.0 0.0293 9.025 0.0136 150.7 
Column A 06/21/19 6/21/19 12:30 49.5 2970.0 3096.5 129.0         
Column A 06/24/19 6/24/19 13:00 72.5 4350.0 3169.0 132.0 0.0231 5.182 0.0124 164.6 
Column A 06/26/19 6/26/19 12:00 47.0 2820.0 3216.0 134.0         
Column A 06/28/19 6/28/19 12:00 48.0 2880.0 3264.0 136.0         
Column A 07/01/19 7/1/19 13:00 73.0 4380.0 3337.0 139.0         
Column A 07/03/19 7/3/19 8:30 43.5 2610.0 3380.5 140.9         
Column A 07/05/19 7/5/19 10:20 49.8 2990.0 3430.3 142.9         













Ni P Pb S 
mg/L mg/L mg/L mg/L 
Column A 07/10/19 7/10/19 12:00 47.5 2850.0 3552.0 148.0         
Column A 07/12/19 7/12/19 13:00 49.0 2940.0 3601.0 150.0         
Column A 07/15/19 7/15/19 11:00 70.0 4200.0 3671.0 153.0         
Column A 07/17/19 7/17/19 11:00 48.0 2880.0 3719.0 155.0         
Column A 07/19/19 7/19/19 13:00 50.0 3000.0 3769.0 157.0 0.0245 7.927 0.0195 145 
Column A 07/22/19 7/22/19 12:30 71.5 4290.0 3840.5 160.0 0.0716 4.144 0.0108 149 
Column A 07/24/19 7/24/19 10:00 45.5 2730.0 3886.0 161.9         
Column A 07/26/19 7/26/19 11:00 49.0 2940.0 3935.0 164.0 0.0503 5.058 0.0117 157.4 
Column A 08/02/19 8/2/19 12:00 169.0 10140.0 4104.0 171.0         













Ni P Pb S 
mg/L mg/L mg/L mg/L 
Column A 08/09/19 8/9/19 12:00 96.5 5790.0 4272.0 178.0         
Column A 08/12/19 8/12/19 14:00 74.0 4440.0 4346.0 181.1 0.0257 21.79 0.0158 133.1 
Column A 08/14/19 8/14/19 10:00 44.0 2640.0 4390.0 182.9         
Column A 08/16/19 8/16/19 12:00 50.0 3000.0 4440.0 185.0         
AVERAGE PERIOD 1 0.016 11.743 0.005 137.765 
Column A 08/19/19 8/19/19 13:00 73.0 4380.0 4513.0 188.0 0.005 7.305 0.0039 149.6 
Column A 08/21/19 8/21/19 11:00 46.0 2760.0 4559.0 190.0         
Column A 08/23/19 8/23/19 9:00 46.0 2760.0 4605.0 191.9 0.0064 7.177 0.0024 153.1 
Column A 08/26/19 8/26/19 9:00 72.0 4320.0 4677.0 194.9         













Ni P Pb S 
mg/L mg/L mg/L mg/L 
AVERAGE PERIOD 2 0.006 7.241 0.003 151.350 
Column A 08/30/19  8/30/19 11:00 51.0 3060.0 4775.0 199.0 0.006 7.367 0.001 146.3 
Column A 09/02/19 9/2/19 10:30 71.5 4290.0 4846.5 201.9         
Column A 09/04/19 9/4/19 7:30 45.0 2700.0 4891.5 203.8 0.0081 7.96 0.0055 151.1 
Column A 09/06/19 9/6/19 8:00 48.5 2910.0 4940.0 205.8 0.0041 5.446 0.0087 102.7 
Column A 09/09/19 9/9/19 8:30 72.5 4350.0 5012.5 208.9         
Column A 09/11/19 9/11/19 10:30 50.0 3000.0 5062.5 210.9 0.009 7.662 0.0014 154.3 
Column A 09/13/19 9/13/19 10:45 48.2 2895.0 5110.7 212.9         
Column A 09/16/19 9/16/19 10:40 71.9 4315.0 5182.7 215.9         













Ni P Pb S 
mg/L mg/L mg/L mg/L 
Column A 09/21/19 9/21/19 10:00 49.5 2970.0 5302.0 220.9         
Column A 09/23/19 9/23/19 8:00 46.0 2760.0 5348.0 222.8         
Column A 09/25/19 9/25/19 10:30 50.5 3030.0 5398.5 224.9         
Column A 09/27/19 9/27/19 10:00 47.5 2850.0 5446.0 226.9         
Column A 09/30/19 9/30/19 13:00 75.0 4500.0 5521.0 230.0         
Column A 10/02/19 10/2/19 13:30 48.5 2910.0 5569.5 232.1         
Column A 10/05/19 10/5/19 10:00 68.5 4110.0 5638.0 234.9         
Column A 10/07/19 10/7/19 14:30 52.5 3150.0 5690.5 237.1         
Column A 10/09/19 10/9/19 13:40 47.2 2830.0 5737.7 239.1         













Ni P Pb S 
mg/L mg/L mg/L mg/L 
Column A 10/14/19 10/14/19 15:40 60.2 3610.0 5859.7 244.2         
AVERAGE PERIOD 3 0.007 7.109 0.004 138.600 
Column A 10/16/19 10/16/19 15:00 47.3 2840.0 5907.0 246.1 0.0127 8.545 0.0114 165.9 
Column A 10/18/19  10/18/19 16:00 49.0 2940.0 5956.0 248.2         
Column A 10/21/19 10/21/19 8:00 64.0 3840.0 6020.0 250.8         
Column A 10/23/19 10/23/19 8:20 48.3 2900.0 6068.3 252.8         
Column A 10/25/19 10/25/19 8:30 48.2 2890.0 6116.5 254.9         
Column A 10/28/19 10/28/19 8:10 71.7 4300.0 6188.2 257.8         
Column A 10/30/19 10/30/19 10:30 50.3 3020.0 6238.5 259.9         













Ni P Pb S 
mg/L mg/L mg/L mg/L 
Column A 11/04/19 11/4/19 7:45 71.5 4290.0 6355.7 264.8         
Column A 11/06/19 11/6/19 10:40 50.9 3055.0 6406.7 266.9         
Column A 11/08/19 11/8/19 9:00 46.3 2780.0 6453.0 268.9         
Column A 11/11/19 11/11/19 8:00 71.0 4260.0 6524.0 271.8         
Column A 11/13/19 11/13/19 14:30 54.5 3270.0 6578.5 274.1         
Column A 11/15/19 11/15/19 9:25 42.9 2575.0 6621.4 275.9         
Column A 11/18/19 11/18/19 9:30 72.1 4325.0 6693.5 278.9         
Column A 11/20/19 11/20/19 8:30 47.0 2820.0 6740.5 280.9         
Column A 11/22/19 11/22/19 8:15 47.8 2865.0 6788.3 282.8         













Ni P Pb S 
mg/L mg/L mg/L mg/L 
Undiluted Feed 11/22/19 8:15 47.8 2865.0 6788.3 283 0.002 22.851 0.001 361.125 
Column A 11/26/19 11/26/19 8:18 96.0 5763.0 6884.3 286.8 0.0114 8.953 0.0048 250.5 
Column A 11/28/19 11/28/19 14:02 53.7 3224.0 6938.0 289.1         
Column A 11/30/19 11/30/19 10:30 44.5 2668.0 6982.5 290.9         
Column A 12/02/19 12/2/19 9:36 47.1 2826.0 7029.6 292.9         
Column A 12/04/19 12/4/19 10:30 48.9 2934.0 7078.5 294.9         
Column A 12/06/19 12/6/19 11:30 49.0 2940.0 7127.5 297.0         
Column A 12/09/19 12/9/19 8:30 69.0 4140.0 7196.5 299.9 0.0063 3.161 0.0019 187.1 
Column A 12/11/19 12/11/19 8:00 47.5 2850.0 7244.0 301.8         













Ni P Pb S 
mg/L mg/L mg/L mg/L 
Column A 12/16/19 12/16/19 14:01 75.0 4501.0 7370.0 307.1         
Column A 12/18/19 12/18/19 10:21 44.3 2660.0 7414.4 308.9         
Column A 12/20/19 12/20/19 9:46 47.4 2845.0 7461.8 310.9         
Column A 12/25/19 12/25/19 10:30 120.7 7244.0 7582.5 315.9         
Column A 12/27/19 12/27/19 8:32 46.0 2762.0 7628.5 317.9         
Column A 12/30/19 12/30/19 10:52 74.3 4460.0 7702.9 321.0         
Column A 01/1/20 1/1/20 12:48 49.9 2996.0 7752.8 323.0         
Column A 01/03/20 1/3/20 15:56 51.1 3068.0 7803.9 325.2         
Column A 01/06/20 1/6/20 15:34 71.6 4298.0 7875.6 328.1         













Ni P Pb S 
mg/L mg/L mg/L mg/L 
Column A 01/17/20 1/17/20 13:00 171.9 10313.0 8137.0 339.0 0.0111 3.596 0.0018 232.2 
Column A 01/20/20 1/20/20 11:00 70.0 4200.0 8207.0 342.0         
Column A 01/22/20 1/22/20 11:00 48.0 2880.0 8255.0 344.0         
Column A 01/24/20 1/24/20 11:00 48.0 2880.0 8303.0 346.0         
Column A 01/27/20 1/27/20 14:00 75.0 4500.0 8378.0 349.1         
Column A 01/31/20 1/31/20 8:40 90.7 5440.0 8468.7 352.9         
Column A 02/04/20 2/4/20 15:35 102.9 6175.0 8571.6 357.1         
Column A 02/07/20 2/7/20 8:20 64.7 3885.0 8636.3 359.8         
Column A 02/11/20 2/11/20 14:00 101.7 6100.0 8738.0 364.1         













Ni P Pb S 
mg/L mg/L mg/L mg/L 
Column A 02/18/20 2/18/20 15:12 100.0 6002.0 8907.2 371.1         
Column A 02/21/20 2/21/20 11:00 67.8 4068.0 8975.0 374.0         
Column A 02/25/20 2/25/20 14:00 99.0 5940.0 9074.0 378.1         
End of Test 02/28/20 2/28/20 14:30 72.5 4350.0 9146.5 381.1         







Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
SO4 Se Si Sr Zn 
mg/L mg/L mg/L mg/L mg/L 
RECIRCULATION 2/12/19 12:00 0.0 0.0 0.0 0.0           
Diluted Feed 3/9/19 13:10 601.2 36070.0 601.2 25.0 487.750 0.025 17.053 5.028 0.698 
Column A 03/11/19 3/11/19 13:08 48.0 2878.0 649.1 27.0 329.7 0.025 32.69 8.06 0.001 
Column A 03/13/19 3/13/19 10:23 45.2 2715.0 694.4 28.9 0         
Column A 03/15/19 3/15/19 14:30 52.1 3127.0 746.5 31.1 329.7 0.025 36.57 9.638 0.001 
Column A 03/19/19 3/19/19 12:30 94.0 5640.0 840.5 35.0 357.6 0.025 37.11 12.16 0.001 
Column A 03/23/19 3/23/19 12:40 96.2 5770.0 936.7 39.0 411.3 0.025 47.54 12.17 0.001 
Column A 03/25/19 3/25/19 12:00 47.3 2840.0 984.0 41.0 0         
Column A 03/27/19 3/27/19 12:10 48.2 2890.0 1032.2 43.0 425.4 0.025 45.12 10.62 0.001 
Column A 03/30/19 3/30/19 11:53 71.7 4303.0 1103.9 46.0 0         




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
SO4 Se Si Sr Zn 
mg/L mg/L mg/L mg/L mg/L 
Column A 04/04/19 4/4/19 11:10 41.7 2500.0 1223.2 51.0 446.1 0.025 60.53 9.799 0.001 
Column A 04/06/19 4/6/19 11:10 48.0 2880.0 1271.2 53.0 468.6 0.025 64.21 11.71 0.001 
Column A 04/09/19 4/9/19 14:14 75.1 4504.0 1346.2 56.1 452.1 0.025 72.89 11.53 0.001 
Column A 04/11/19 4/11/19 18:15 52.0 3121.0 1398.2 58.3 448.8 0.025 75.68 11.66 0.019 
Column A 04/19/19 4/19/19 10:32 184.3 11057.0 1582.5 65.9          
Column A 04/21/19 4/21/19 18:30 56.0 3358.0 1638.5 68.3 449.4 0.025 85.2 9.613 0.0158 
Column A 04/28/19 4/28/19 16:46 166.3 9976.0 1804.8 75.2 101.52 0.025 14.69 4.081 0.001 
Column A 05/02/19 5/2/19 14:37 93.8 5631.0 1898.6 79.1 346.8 0.025 56.74 6.633 0.0732 
Column A 05/04/19 5/4/19 12:00 45.4 2723.0 1944.0 81.0          
Column A 05/17/19 5/17/19 20:51 194.9 11691.0 2264.9 94.4 333.3 0.025 56.61 7.673 0.0216 




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
SO4 Se Si Sr Zn 
mg/L mg/L mg/L mg/L mg/L 
Column A 05/27/19 5/27/19 9:30 142.5 8550.0 2493.5 103.9 481.2 0.025 95.37 8.07 0.0125 
Column A 05/29/19 5/29/19 11:30 50.0 3000.0 2543.5 106.0          
Column A 05/31/19 5/31/19 10:00 46.5 2790.0 2590.0 107.9          
Column A 06/03/19 6/3/19 11:00 73.0 4380.0 2663.0 111.0 455.4 0.025 83.17 6.815 0.001 
Column A 06/05/19 6/5/19 11:00 48.0 2880.0 2711.0 113.0          
Column A 06/07/19 6/7/19 11:00 48.0 2880.0 2759.0 115.0          
Column A 06/12/19 6/12/19 11:00 120.0 7200.0 2879.0 120.0          
Column A 06/14/19 6/14/19 13:00 50.0 3000.0 2929.0 122.0          
Column A 06/17/19 6/17/19 12:00 71.0 4260.0 3000.0 125.0          
Column A 06/19/19 6/19/19 11:00 47.0 2820.0 3047.0 127.0 452.1 0.025 92.1 5.809 0.001 




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
SO4 Se Si Sr Zn 
mg/L mg/L mg/L mg/L mg/L 
Column A 06/24/19 6/24/19 13:00 72.5 4350.0 3169.0 132.0 493.8 0.025 103.9 4.765 0.001 
Column A 06/26/19 6/26/19 12:00 47.0 2820.0 3216.0 134.0          
Column A 06/28/19 6/28/19 12:00 48.0 2880.0 3264.0 136.0          
Column A 07/01/19 7/1/19 13:00 73.0 4380.0 3337.0 139.0          
Column A 07/03/19 7/3/19 8:30 43.5 2610.0 3380.5 140.9          
Column A 07/05/19 7/5/19 10:20 49.8 2990.0 3430.3 142.9          
Column A 07/08/19 7/8/19 12:30 74.2 4450.0 3504.5 146.0          
Column A 07/10/19 7/10/19 12:00 47.5 2850.0 3552.0 148.0          
Column A 07/12/19 7/12/19 13:00 49.0 2940.0 3601.0 150.0          
Column A 07/15/19 7/15/19 11:00 70.0 4200.0 3671.0 153.0          




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
SO4 Se Si Sr Zn 
mg/L mg/L mg/L mg/L mg/L 
Column A 07/19/19 7/19/19 13:00 50.0 3000.0 3769.0 157.0 435 0.025 118.3 5.241 0.001 
Column A 07/22/19 7/22/19 12:30 71.5 4290.0 3840.5 160.0 447 0.025 89.12 4.675 0.001 
Column A 07/24/19 7/24/19 10:00 45.5 2730.0 3886.0 161.9          
Column A 07/26/19 7/26/19 11:00 49.0 2940.0 3935.0 164.0 472.2 0.025 101.1 4.572 0.001 
Column A 08/02/19 8/2/19 12:00 169.0 10140.0 4104.0 171.0          
Column A 08/05/19 8/5/19 11:30 71.5 4290.0 4175.5 174.0          
Column A 08/09/19 8/9/19 12:00 96.5 5790.0 4272.0 178.0          
Column A 08/12/19 8/12/19 14:00 74.0 4440.0 4346.0 181.1 399.3 0.025 82.3 5.337 0.0093 
Column A 08/14/19 8/14/19 10:00 44.0 2640.0 4390.0 182.9          
Column A 08/16/19 8/16/19 12:00 50.0 3000.0 4440.0 185.0          




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
SO4 Se Si Sr Zn 
mg/L mg/L mg/L mg/L mg/L 
Column A 08/19/19 8/19/19 13:00 73.0 4380.0 4513.0 188.0 448.8 0.025 35.58 3.999 0.001 
Column A 08/21/19 8/21/19 11:00 46.0 2760.0 4559.0 190.0          
Column A 08/23/19 8/23/19 9:00 46.0 2760.0 4605.0 191.9 459.3 0.025 29.27 3.955 0.001 
Column A 08/26/19 8/26/19 9:00 72.0 4320.0 4677.0 194.9          
Column A 08/28/19 8/28/19 8:00 47.0 2820.0 4724.0 196.8          
AVERAGE PERIOD 2 302.700 0.025 32.425 3.977 0.001 
Column A 08/30/19  8/30/19 11:00 51.0 3060.0 4775.0 199.0 438.9 0.025 35.04 4.82 0.001 
Column A 09/02/19 9/2/19 10:30 71.5 4290.0 4846.5 201.9          
Column A 09/04/19 9/4/19 7:30 45.0 2700.0 4891.5 203.8 453.3 0.025 38.68 5.424 0.001 
Column A 09/06/19 9/6/19 8:00 48.5 2910.0 4940.0 205.8 308.1 0.025 27.29 3.303 0.0058 




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
SO4 Se Si Sr Zn 
mg/L mg/L mg/L mg/L mg/L 
Column A 09/11/19 9/11/19 10:30 50.0 3000.0 5062.5 210.9 462.9 0.025 41.44 6.484 0.001 
Column A 09/13/19 9/13/19 10:45 48.2 2895.0 5110.7 212.9          
Column A 09/16/19 9/16/19 10:40 71.9 4315.0 5182.7 215.9          
Column A 09/19/19 9/19/19 8:30 69.8 4190.0 5252.5 218.9          
Column A 09/21/19 9/21/19 10:00 49.5 2970.0 5302.0 220.9          
Column A 09/23/19 9/23/19 8:00 46.0 2760.0 5348.0 222.8          
Column A 09/25/19 9/25/19 10:30 50.5 3030.0 5398.5 224.9          
Column A 09/27/19 9/27/19 10:00 47.5 2850.0 5446.0 226.9          
Column A 09/30/19 9/30/19 13:00 75.0 4500.0 5521.0 230.0          
Column A 10/02/19 10/2/19 13:30 48.5 2910.0 5569.5 232.1          




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
SO4 Se Si Sr Zn 
mg/L mg/L mg/L mg/L mg/L 
Column A 10/07/19 10/7/19 14:30 52.5 3150.0 5690.5 237.1          
Column A 10/09/19 10/9/19 13:40 47.2 2830.0 5737.7 239.1          
Column A 10/12/19  10/12/19 3:30 61.8 3710.0 5799.5 241.6          
Column A 10/14/19 10/14/19 15:40 60.2 3610.0 5859.7 244.2          
AVERAGE PERIOD 3 277.200 0.025 35.613 5.008 0.002 
Column A 10/16/19 10/16/19 15:00 47.3 2840.0 5907.0 246.1 497.7 0.025 79.58 5.264 0.001 
Column A 10/18/19  10/18/19 16:00 49.0 2940.0 5956.0 248.2          
Column A 10/21/19 10/21/19 8:00 64.0 3840.0 6020.0 250.8          
Column A 10/23/19 10/23/19 8:20 48.3 2900.0 6068.3 252.8          
Column A 10/25/19 10/25/19 8:30 48.2 2890.0 6116.5 254.9          




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
SO4 Se Si Sr Zn 
mg/L mg/L mg/L mg/L mg/L 
Column A 10/30/19 10/30/19 10:30 50.3 3020.0 6238.5 259.9          
Column A 11/01/19 11/1/19 8:15 45.8 2745.0 6284.3 261.8          
Column A 11/04/19 11/4/19 7:45 71.5 4290.0 6355.7 264.8          
Column A 11/06/19 11/6/19 10:40 50.9 3055.0 6406.7 266.9          
Column A 11/08/19 11/8/19 9:00 46.3 2780.0 6453.0 268.9          
Column A 11/11/19 11/11/19 8:00 71.0 4260.0 6524.0 271.8          
Column A 11/13/19 11/13/19 14:30 54.5 3270.0 6578.5 274.1          
Column A 11/15/19 11/15/19 9:25 42.9 2575.0 6621.4 275.9          
Column A 11/18/19 11/18/19 9:30 72.1 4325.0 6693.5 278.9          
Column A 11/20/19 11/20/19 8:30 47.0 2820.0 6740.5 280.9          




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
SO4 Se Si Sr Zn 
mg/L mg/L mg/L mg/L mg/L 
AVERAGE PERIOD 4 497.7 0.025 79.58 5.264 0.001 
Undiluted Feed 11/22/19 8:15 47.8 2865.0 6788.3 283 1083.375 0.019 37.074 16.490 0.024 
Column A 11/26/19 11/26/19 8:18 96.0 5763.0 6884.3 286.8 751.5 0.025 42.76 10.15 0.018 
Column A 11/28/19 11/28/19 14:02 53.7 3224.0 6938.0 289.1          
Column A 11/30/19 11/30/19 10:30 44.5 2668.0 6982.5 290.9          
Column A 12/02/19 12/2/19 9:36 47.1 2826.0 7029.6 292.9          
Column A 12/04/19 12/4/19 10:30 48.9 2934.0 7078.5 294.9          
Column A 12/06/19 12/6/19 11:30 49.0 2940.0 7127.5 297.0          
Column A 12/09/19 12/9/19 8:30 69.0 4140.0 7196.5 299.9 561.3 0.025 23.69 10.14 0.001 
Column A 12/11/19 12/11/19 8:00 47.5 2850.0 7244.0 301.8          




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
SO4 Se Si Sr Zn 
mg/L mg/L mg/L mg/L mg/L 
Column A 12/16/19 12/16/19 14:01 75.0 4501.0 7370.0 307.1          
Column A 12/18/19 12/18/19 10:21 44.3 2660.0 7414.4 308.9          
Column A 12/20/19 12/20/19 9:46 47.4 2845.0 7461.8 310.9          
Column A 12/25/19 12/25/19 10:30 120.7 7244.0 7582.5 315.9          
Column A 12/27/19 12/27/19 8:32 46.0 2762.0 7628.5 317.9          
Column A 12/30/19 12/30/19 10:52 74.3 4460.0 7702.9 321.0          
Column A 01/1/20 1/1/20 12:48 49.9 2996.0 7752.8 323.0          
Column A 01/03/20 1/3/20 15:56 51.1 3068.0 7803.9 325.2          
Column A 01/06/20 1/6/20 15:34 71.6 4298.0 7875.6 328.1          
Column A 01/10/20 1/10/20 9:07 89.6 5373.0 7965.1 331.9          




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
SO4 Se Si Sr Zn 
mg/L mg/L mg/L mg/L mg/L 
Column A 01/20/20 1/20/20 11:00 70.0 4200.0 8207.0 342.0          
Column A 01/22/20 1/22/20 11:00 48.0 2880.0 8255.0 344.0          
Column A 01/24/20 1/24/20 11:00 48.0 2880.0 8303.0 346.0          
Column A 01/27/20 1/27/20 14:00 75.0 4500.0 8378.0 349.1          
Column A 01/31/20 1/31/20 8:40 90.7 5440.0 8468.7 352.9          
Column A 02/04/20 2/4/20 15:35 102.9 6175.0 8571.6 357.1          
Column A 02/07/20 2/7/20 8:20 64.7 3885.0 8636.3 359.8          
Column A 02/11/20 2/11/20 14:00 101.7 6100.0 8738.0 364.1          
Column A 02/14/20 2/14/20 11:10 69.2 4150.0 8807.2 367.0          
Column A 02/18/20 2/18/20 15:12 100.0 6002.0 8907.2 371.1          




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
SO4 Se Si Sr Zn 
mg/L mg/L mg/L mg/L mg/L 
Column A 02/25/20 2/25/20 14:00 99.0 5940.0 9074.0 378.1          
End of Test 02/28/20 2/28/20 14:30 72.5 4350.0 9146.5 381.1          






Table E.2 – Chemicals concentration in effluent from Column B 
Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Al As B Ba Ca 
mg/L mg/L mg/L mg/L mg/L 
RECIRCULATION 2/12/19 12:00 0.0 0.0 0.0 0.0           
Diluted Feed 3/9/19 13:10 601.2 36070.0 601.2 25.0 0.390 0.012 0.474 0.060 204.233 
Column B 03/11/19 3/11/19 13:08 48.0 2878.0 649.1 27.0 0.001 0.001 0.441 0.339 204.2 
Column B 03/13/19 3/13/19 10:23 45.2 2715.0 694.4 28.9 0.001 0.001 0.379 0.214 123.3 
Column B 03/15/19 3/15/19 14:30 52.1 3127.0 746.5 31.1 0.001 0.001 0.446 0.319 181.3 
Column B 03/19/19 3/19/19 12:30 94.0 5640.0 840.5 35.0 0.001 0.001 0.493 0.22 48.23 
Column B 03/23/19 3/23/19 12:40 96.2 5770.0 936.7 39.0 0.001 0.001 0.278 0.18 49.99 
Column B 03/25/19 3/25/19 12:10 47.5 2850.0 984.2 41.0 0.001 0.001 0.698 0.462 226.6 
Column B 03/30/19 3/30/19 11:53 71.4 4283.0 1103.9 46.0 0.001 0.001 0.682 0.334 94.1 
Column B 04/02/19 4/2/19 17:30 77.6 4657.0 1181.5 49.2 0.001 0.001 0.694 0.357 139.8 




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Al As B Ba Ca 
mg/L mg/L mg/L mg/L mg/L 
Column B 04/06/19 4/6/19 11:10 48.0 2880.0 1271.2 53.0 0.001 0.001 0.605 0.311 154.5 
Column B 04/09/19 4/9/19 14:14 75.1 4504.0 1346.2 56.1 0.001 0.021 0.613 0.266 138.8 
Column B 04/11/19 4/11/19 18:15 52.0 3121.0 1398.2 58.3 0.001 0.001 0.509 0.162 65.9 
Column B 04/21/19 4/21/19 18:30 56.0 3358.0 1638.5 68.3 0.001 0.057 0.6556 0.4043 134.4 
Column B 04/28/19 4/28/19 16:46 166.3 9976.0 1804.8 75.2 0.001 0.0223 0.3654 0.216 106.9 
Column B 05/02/19 5/2/19 14:37 93.8 5631.0 1898.6 79.1 0.0052 0.0191 0.5903 0.3049 62.31 
Column B 05/17/19 5/17/19 20:51 194.9 11691.0 2264.9 94.1 0.0042 0.004 0.0611 0.0365 36.06 
Column B 05/21/19 5/21/19 11:00 86.2 5169.0 2351.0 98.0 0.0239 0.0319 0.496 0.2634 323.5 
Column B 06/03/19 6/3/19 11:00 73.0 4380.0 2663.0 111.0 0.0577 0.0311 0.5597 0.2078 269.8 
Column B 06/05/19 6/5/19 11:00 48.0 2880.0 2711.0 113.0           




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Al As B Ba Ca 
mg/L mg/L mg/L mg/L mg/L 
Column B 06/10/19 6/10/19 12:00 73.0 4380.0 2832.0 118.0           
Column B 06/12/19 6/12/19 11:00 47.0 2820.0 2879.0 120.0           
Column B 06/14/19 6/14/19 13:00 50.0 3000.0 2929.0 122.0           
Column B 06/17/19 6/17/19 12:00 71.0 4260.0 3000.0 125.0           
Column B 06/19/19 6/19/19 11:00 47.0 2820.0 3047.0 127.0 0.001 0.0336 0.4811 0.0613 214.2 
Column B 06/21/19 6/21/19 12:30 49.5 2970.0 3096.5 129.0           
Column B 06/24/19  6/24/19 13:00 72.5 4350.0 3169.0 132.0           
Column B 06/26/19 6/26/19 12:00 47.0 2820.0 3216.0 134.0           
Column B 06/28/19 6/28/19 12:00 48.0 2880.0 3264.0 136.0           
Column B 07/01/19 7/1/19 13:00 73.0 4380.0 3337.0 139.0           




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Al As B Ba Ca 
mg/L mg/L mg/L mg/L mg/L 
Column B 07/05/19 7/5/19 10:20 49.8 2990.0 3430.3 142.9           
Column B 07/08/19 7/8/19 12:30 74.2 4450.0 3504.5 146.0           
Column B 07/10/19 7/10/19 12:00 47.5 2850.0 3552.0 148.0           
Column B 07/12/19 7/12/19 13:00 49.0 2940.0 3601.0 150.0           
Column B 07/15/19 7/15/19 11:00 70.0 4200.0 3671.0 153.0           
Column B 07/17/19 7/17/19 11:00 48.0 2880.0 3719.0 155.0           
Column B 07/19/19 7/19/19 13:00 50.0 3000.0 3769.0 157.0 0.001 0.0307 0.5824 0.1762 221.6 
Column B 07/22/19 7/22/19 12:30 71.5 4290.0 3840.5 160.0           
Column B 07/24/19 7/24/19 10:00 45.5 2730.0 3886.0 161.9           
Column B 07/26/19 7/26/19 11:00 49.0 2940.0 3935.0 164.0           




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Al As B Ba Ca 
mg/L mg/L mg/L mg/L mg/L 
Column B 08/05/19 8/5/19 11:30 71.5 4290.0 4175.5 174.0           
Column B 08/09/19 8/9/19 12:00 96.5 5790.0 4272.0 178.0           
Column B 08/12/19 8/12/19 14:00 74.0 4440.0 4346.0 181.1 0.001 0.0207 0.5733 0.2312 263.9 
Column B 08/14/19 8/14/19 10:00 44.0 2640.0 4390.0 182.9           
Column B 08/16/19 8/16/19 12:00 50.0 3000.0 4440.0 185.0           
AVERAGE PERIOD 1 0.005 0.013  0.254 151.814   
Column B 08/19/19 8/19/19 13:00 73.0 4380.0 4513.0 188.0 0.001 0.0173 0.4511 0.1684 168.5 
Column B 08/21/19 8/21/19 11:00 46.0 2760.0 4559.0 190.0           
Column B 08/23/19 8/23/19 9:00 46.0 2760.0 4605.0 191.9 0.001 0.0152 0.4828 0.1485 161.5 
Column B 08/26/19 8/26/19 9:00 72.0 4320.0 4677.0 194.9           




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Al As B Ba Ca 
mg/L mg/L mg/L mg/L mg/L 
AVERAGE PERIOD 2 0.001 0.016  0.158 165.000   
Column B 08/30/19  8/30/19 11:00 51.0 3060.0 4775.0 199.0 0.0066 0.0233 0.7715 0.1796 183.4 
Column B 09/04/19 9/4/19 7:30 45.0 2700.0 4891.5 203.8 0.0054 0.0274 1.063 0.2236 221.3 
Column B 09/06/19 9/6/19 8:00 48.5 2910.0 4940.0 205.8 0.001 0.038 0.852 0.084 215.1 
Column B 09/11/19 9/11/19 10:30 50.0 3000.0 5062.5 210.9 0.0246 0.0356 0.6257 0.1375 198.4 
AVERAGE PERIOD 3 0.009 0.031  0.156 204.550   
Column B 10/16/19 10/16/19 15:00 47.3 2840.0 5907.0 246.1 0.001 0.0307 0.5942 0.0576 201.9 
AVERAGE PERIOD 4 0.001 0.031  0.058 201.900   














Cd Co Cr Cu Fe 
mg/L mg/L mg/L mg/L mg/L 
RECIRCULATION 2/12/19 12:00 0.0 0.0 0.0 0.0           
Diluted Feed 3/9/19 13:10 601.2 36070.0 601.2 25.0 0.001 0.002 7.808 0.020 1.082 
Column B 03/11/19 3/11/19 13:08 48.0 2878.0 649.1 27.0 0.001 0.001 0.123 0.001 0.001 
Column B 03/13/19 3/13/19 10:23 45.2 2715.0 694.4 28.9 0.001 0.001 0.054 0.001 0.001 
Column B 03/15/19 3/15/19 14:30 52.1 3127.0 746.5 31.1 0.001 0.001 0.094 0.001 0.001 
Column B 03/19/19 3/19/19 12:30 94.0 5640.0 840.5 35.0 0.001 0.001 0.093 0.001 0.001 
Column B 03/23/19 3/23/19 12:40 96.2 5770.0 936.7 39.0 0.001 0.001 0.022 0.001 0.001 
Column B 03/25/19 3/25/19 12:10 47.5 2850.0 984.2 41.0 0.001 0.001 0.209 0.001 0.001 
Column B 03/30/19 3/30/19 11:53 71.4 4283.0 1103.9 46.0 0.001 0.001 0.316 0.001 0.001 
Column B 04/02/19 4/2/19 17:30 77.6 4657.0 1181.5 49.2 0.001 0.001 0.308 0.001 0.001 












Cd Co Cr Cu Fe 
mg/L mg/L mg/L mg/L mg/L 
Column B 04/06/19 4/6/19 11:10 48.0 2880.0 1271.2 53.0 0.001 0.001 0.294 0.001 0.001 
Column B 04/09/19 4/9/19 14:14 75.1 4504.0 1346.2 56.1 0.001 0.001 0.348 0.001 0.001 
Column B 04/11/19 4/11/19 18:15 52.0 3121.0 1398.2 58.3 0.001 0.001 0.266 0.001 0.001 
Column B 04/21/19 4/21/19 18:30 56.0 3358.0 1638.5 68.3 0.001 0.0028 0.4915 0.0155 0.0254 
Column B 04/28/19 4/28/19 16:46 166.3 9976.0 1804.8 75.2 0.001 0.0013 0.3872 0.0012 0.0221 
Column B 05/02/19 5/2/19 14:37 93.8 5631.0 1898.6 79.1 0.001 0.0035 0.4577 0.0181 0.0269 
Column B 05/17/19 5/17/19 20:51 194.9 11691.0 2264.9 94.4 0.001 0.001 0.0418 0.1119 0.001 
Column B 05/21/19 5/21/19 11:00 86.2 5169.0 2351.0 98.0 0.001 0.0038 0.8536 0.0205 0.0279 
Column B 06/03/19 6/3/19 11:00 73.0 4380.0 2663.0 111.0 0.001 0.0019 1.363 0.001 0.0423 
Column B 06/05/19 6/5/19 11:00 48.0 2880.0 2711.0 113.0           












Cd Co Cr Cu Fe 
mg/L mg/L mg/L mg/L mg/L 
Column B 06/10/19 6/10/19 12:00 73.0 4380.0 2832.0 118.0           
Column B 06/12/19 6/12/19 11:00 47.0 2820.0 2879.0 120.0           
Column B 06/14/19 6/14/19 13:00 50.0 3000.0 2929.0 122.0           
Column B 06/17/19 6/17/19 12:00 71.0 4260.0 3000.0 125.0           
Column B 06/19/19 6/19/19 11:00 47.0 2820.0 3047.0 127.0 0.001 0.0042 0.371 0.0125 0.001 
Column B 06/21/19 6/21/19 12:30 49.5 2970.0 3096.5 129.0           
Column B 06/24/19  6/24/19 13:00 72.5 4350.0 3169.0 132.0           
Column B 06/26/19 6/26/19 12:00 47.0 2820.0 3216.0 134.0           
Column B 06/28/19 6/28/19 12:00 48.0 2880.0 3264.0 136.0           
Column B 07/01/19 7/1/19 13:00 73.0 4380.0 3337.0 139.0           












Cd Co Cr Cu Fe 
mg/L mg/L mg/L mg/L mg/L 
Column B 07/05/19 7/5/19 10:20 49.8 2990.0 3430.3 142.9           
Column B 07/08/19 7/8/19 12:30 74.2 4450.0 3504.5 146.0           
Column B 07/10/19 7/10/19 12:00 47.5 2850.0 3552.0 148.0           
Column B 07/12/19 7/12/19 13:00 49.0 2940.0 3601.0 150.0           
Column B 07/15/19 7/15/19 11:00 70.0 4200.0 3671.0 153.0           
Column B 07/17/19 7/17/19 11:00 48.0 2880.0 3719.0 155.0           
Column B 07/19/19 7/19/19 13:00 50.0 3000.0 3769.0 157.0 0.001 0.0064 0.7288 0.0746 0.0096 
Column B 07/22/19 7/22/19 12:30 71.5 4290.0 3840.5 160.0           
Column B 07/24/19 7/24/19 10:00 45.5 2730.0 3886.0 161.9           
Column B 07/26/19 7/26/19 11:00 49.0 2940.0 3935.0 164.0           












Cd Co Cr Cu Fe 
mg/L mg/L mg/L mg/L mg/L 
Column B 08/05/19 8/5/19 11:30 71.5 4290.0 4175.5 174.0           
Column B 08/09/19 8/9/19 12:00 96.5 5790.0 4272.0 178.0           
Column B 08/12/19 8/12/19 14:00 74.0 4440.0 4346.0 181.1 0.001 0.0088 1.247 0.001 0.1526 
Column B 08/14/19 8/14/19 10:00 44.0 2640.0 4390.0 182.9           
Column B 08/16/19 8/16/19 12:00 50.0 3000.0 4440.0 185.0           
AVERAGE PERIOD 1 0.001 0.002 0.396 0.013 0.015 
Column B 08/19/19 8/19/19 13:00 73.0 4380.0 4513.0 188.0 0.001 0.0012 0.123 0.001 0.0046 
Column B 08/21/19 8/21/19 11:00 46.0 2760.0 4559.0 190.0           
Column B 08/23/19 8/23/19 9:00 46.0 2760.0 4605.0 191.9 0.001 0.001 0.1619 0.001 0.001 
Column B 08/26/19 8/26/19 9:00 72.0 4320.0 4677.0 194.9           












Cd Co Cr Cu Fe 
mg/L mg/L mg/L mg/L mg/L 
AVERAGE PERIOD 2 0.001 0.001 0.142 0.001 0.003 
Column B 08/30/19  8/30/19 11:00 51.0 3060.0 4775.0 199.0 0.001 0.0011 0.204 0.0073 0.0058 
Column B 09/04/19 9/4/19 7:30 45.0 2700.0 4891.5 203.8 0.001 0.0015 0.4932 0.0865 0.0106 
Column B 09/06/19 9/6/19 8:00 48.5 2910.0 4940.0 205.8 0.001 0.001 0.672 0.001 0.001 
Column B 09/11/19 9/11/19 10:30 50.0 3000.0 5062.5 210.9 0.001 0.0013 0.631 0.0038 0.0017 
AVERAGE PERIOD 3 0.001 0.001 0.500 0.025 0.005 
Column B 10/16/19 10/16/19 15:00 47.3 2840.0 5907.0 246.1 0.001 0.0025 0.2887 0.0436 0.001 
AVERAGE PERIOD 4 0.001 0.003 0.289 0.044 0.001 














K Mg Mn Mo Na 
mg/L mg/L mg/L mg/L mg/L 
RECIRCULATION 2/12/19 12:00 0.0 0.0 0.0 0.0           
Diluted Feed 3/9/19 13:10 601.2 36070.0 601.2 25.0 56.557 94.258 0.034 0.025 1277.000 
Column B 03/11/19 3/11/19 13:08 48.0 2878.0 649.1 27.0 84.8 188.3 0.231 0.001 1480 
Column B 03/13/19 3/13/19 10:23 45.2 2715.0 694.4 28.9 74.76 158.5 0.062 0.001 1263 
Column B 03/15/19 3/15/19 14:30 52.1 3127.0 746.5 31.1 87.99 194.4 0.16 0.001 1518 
Column B 03/19/19 3/19/19 12:30 94.0 5640.0 840.5 35.0 90.63 201.5 0.038 0.001 1559 
Column B 03/23/19 3/23/19 12:40 96.2 5770.0 936.7 39.0 52.8 105 0.081 0.001 898.3 
Column B 03/25/19 3/25/19 12:10 47.5 2850.0 984.2 41.0 90.12 217.6 0.333 0.001 1575 
Column B 03/30/19 3/30/19 11:53 71.4 4283.0 1103.9 46.0 90.55 204.1 0.19 0.001 1595 











K Mg Mn Mo Na 
mg/L mg/L mg/L mg/L mg/L 
Column B 04/04/19 4/4/19 11:10 41.7 2500.0 1223.2 51.0 79.07 183.1 0.121 0.001 1583 
Column B 04/06/19 4/6/19 11:10 48.0 2880.0 1271.2 53.0 78.72 186.6 0.179 0.001 1685 
Column B 04/09/19 4/9/19 14:14 75.1 4504.0 1346.2 56.1 76.83 182.1 0.089 0.001 1751 
Column B 04/11/19 4/11/19 18:15 52.0 3121.0 1398.2 58.3 70.57 141.9 0.063 0.001 1614 
Column B 04/21/19 4/21/19 18:30 56.0 3358.0 1638.5 68.3 57.98 175.1 0.5108 0.0209 1779 
Column B 04/28/19 4/28/19 16:46 166.3 9976.0 1804.8 75.2 32.95 109.5 0.3507 0.0166 1374 
Column B 05/02/19 5/2/19 14:37 93.8 5631.0 1898.6 79.1 48.46 176.6 0.7104 0.0268 1782 
Column B 05/17/19 5/17/19 20:51 194.9 11691.0 2264.9 94.4 5.035 15.4 0.036 0.0038 126.2 
Column B 05/21/19 5/21/19 11:00 86.2 5169.0 2351.0 98.0 47.05 223.6 1.154 0.0082 1363 
Column B 06/03/19 6/3/19 11:00 73.0 4380.0 2663.0 111.0 44.17 145.4 0.997 0.015 1234 











K Mg Mn Mo Na 
mg/L mg/L mg/L mg/L mg/L 
Column B 06/07/19 6/7/19 11:00 48.0 2880.0 2759.0 115.0           
Column B 06/10/19 6/10/19 12:00 73.0 4380.0 2832.0 118.0           
Column B 06/12/19 6/12/19 11:00 47.0 2820.0 2879.0 120.0           
Column B 06/14/19 6/14/19 13:00 50.0 3000.0 2929.0 122.0           
Column B 06/17/19 6/17/19 12:00 71.0 4260.0 3000.0 125.0           
Column B 06/19/19 6/19/19 11:00 47.0 2820.0 3047.0 127.0 80.13 126.6 0.2757 0.0178 1256 
Column B 06/21/19 6/21/19 12:30 49.5 2970.0 3096.5 129.0           
Column B 06/24/19  6/24/19 13:00 72.5 4350.0 3169.0 132.0           
Column B 06/26/19 6/26/19 12:00 47.0 2820.0 3216.0 134.0           
Column B 06/28/19 6/28/19 12:00 48.0 2880.0 3264.0 136.0           











K Mg Mn Mo Na 
mg/L mg/L mg/L mg/L mg/L 
Column B 07/03/19 7/3/19 8:30 43.5 2610.0 3380.5 140.9           
Column B 07/05/19 7/5/19 10:20 49.8 2990.0 3430.3 142.9           
Column B 07/08/19 7/8/19 12:30 74.2 4450.0 3504.5 146.0           
Column B 07/10/19 7/10/19 12:00 47.5 2850.0 3552.0 148.0           
Column B 07/12/19 7/12/19 13:00 49.0 2940.0 3601.0 150.0           
Column B 07/15/19 7/15/19 11:00 70.0 4200.0 3671.0 153.0           
Column B 07/17/19 7/17/19 11:00 48.0 2880.0 3719.0 155.0           
Column B 07/19/19 7/19/19 13:00 50.0 3000.0 3769.0 157.0 57.57 158.9 1.094 0.0174 1274 
Column B 07/22/19 7/22/19 12:30 71.5 4290.0 3840.5 160.0           
Column B 07/24/19 7/24/19 10:00 45.5 2730.0 3886.0 161.9           











K Mg Mn Mo Na 
mg/L mg/L mg/L mg/L mg/L 
Column B 08/02/19 8/2/19 12:00 169.0 10140.0 4104.0 171.0           
Column B 08/05/19 8/5/19 11:30 71.5 4290.0 4175.5 174.0           
Column B 08/09/19 8/9/19 12:00 96.5 5790.0 4272.0 178.0           
Column B 08/12/19 8/12/19 14:00 74.0 4440.0 4346.0 181.1 56.8 150.8 2.385 0.0046 1198 
Column B 08/14/19 8/14/19 10:00 44.0 2640.0 4390.0 182.9           
Column B 08/16/19 8/16/19 12:00 50.0 3000.0 4440.0 185.0           
AVERAGE PERIOD 1 66.354 164.038 0.441 0.007 1406.643 
Column B 08/19/19 8/19/19 13:00 73.0 4380.0 4513.0 188.0 55.38 78.16 0.8118 0.0165 993 
Column B 08/21/19 8/21/19 11:00 46.0 2760.0 4559.0 190.0           
Column B 08/23/19 8/23/19 9:00 46.0 2760.0 4605.0 191.9 43.19 73.46 0.6586 0.0164 1106 











K Mg Mn Mo Na 
mg/L mg/L mg/L mg/L mg/L 
Column B 08/28/19 8/28/19 8:00 47.0 2820.0 4724.0 196.8           
AVERAGE PERIOD 2 49.285 75.810 0.735 0.016 1049.500 
Column B 08/30/19  8/30/19 11:00 51.0 3060.0 4775.0 199.0 34.57 94.69 0.8823 0.0132 1238 
Column B 09/04/19 9/4/19 7:30 45.0 2700.0 4891.5 203.8 35.91 123.8 1.27 0.009 1199 
Column B 09/06/19 9/6/19 8:00 48.5 2910.0 4940.0 205.8 37.35 135.8 0.404 0.016 1233 
Column B 09/11/19 9/11/19 10:30 50.0 3000.0 5062.5 210.9 27.71 129.2 0.7384 0.0084 1095 
AVERAGE PERIOD 3 33.885 120.873 0.824 0.012 1191.250 
Column B 10/16/19 10/16/19 15:00 47.3 2840.0 5907.0 246.1 26.12 144.7 0.2264 0.0099 1267 
AVERAGE PERIOD 4 26.120 144.700 0.226 0.010 1267.000 
















Ni P Pb S SO4 
mg/L mg/L mg/L mg/L mg/L 
RECIRCULATION 2/12/19 12:00 0.0 0.0 0.0 0.0           
Diluted Feed 3/9/19 13:10 601.2 36070.0 601.2 25.0 0.004 28.782 0.001 158.750 487.750 
Column B 03/11/19 3/11/19 13:08 48.0 2878.0 649.1 27.0 0.001 5.244 0.001 108.9 326.7 
Column B 03/13/19 3/13/19 10:23 45.2 2715.0 694.4 28.9 0.001 3.105 0.001 95.17 285.51 
Column B 03/15/19 3/15/19 14:30 52.1 3127.0 746.5 31.1 0.001 5.35 0.001 111.9 335.7 
Column B 03/19/19 3/19/19 12:30 94.0 5640.0 840.5 35.0 0.001 0.811 0.001 116.5 349.5 
Column B 03/23/19 3/23/19 12:40 96.2 5770.0 936.7 39.0 0.001 1.897 0.001 74.2 222.6 
Column B 03/25/19 3/25/19 12:10 47.5 2850.0 984.2 41.0 0.001 8.686 0.001 122.8 368.4 
Column B 03/30/19 3/30/19 11:53 71.4 4283.0 1103.9 46.0 0.001 3.02 0.001 132.3 396.9 
Column B 04/02/19 4/2/19 17:30 77.6 4657.0 1181.5 49.2 0.001 2.696 0.001 137.6 412.8 













Ni P Pb S SO4 
mg/L mg/L mg/L mg/L mg/L 
Column B 04/06/19 4/6/19 11:10 48.0 2880.0 1271.2 53.0 0.001 3.917 0.001 140 420 
Column B 04/09/19 4/9/19 14:14 75.1 4504.0 1346.2 56.1 0.001 4.656 0.001 140.7 422.1 
Column B 04/11/19 4/11/19 18:15 52.0 3121.0 1398.2 58.3 0.001 2.092 0.001 130.8 392.4 
Column B 04/21/19 4/21/19 18:30 56.0 3358.0 1638.5 68.3 0.0309 6.766 0.001 144.6 433.8 
Column B 04/28/19 4/28/19 16:46 166.3 9976.0 1804.8 75.2 0.0213 3.243 0.001 102.5 307.5 
Column B 05/02/19 5/2/19 14:37 93.8 5631.0 1898.6 79.1 0.0312 2.701 0.002 142.9 428.7 
Column B 05/17/19 5/17/19 20:51 194.9 11691.0 2264.9 94.4 0.001 0.8611 0.001 21.75 65.25 
Column B 05/21/19 5/21/19 11:00 86.2 5169.0 2351.0 98.0 0.0209 11.1 0.0097 126.8 380.4 
Column B 06/03/19 6/3/19 11:00 73.0 4380.0 2663.0 111.0 0.0221 12.61 0.001 149.8 449.4 
Column B 06/05/19 6/5/19 11:00 48.0 2880.0 2711.0 113.0          













Ni P Pb S SO4 
mg/L mg/L mg/L mg/L mg/L 
Column B 06/10/19 6/10/19 12:00 73.0 4380.0 2832.0 118.0          
Column B 06/12/19 6/12/19 11:00 47.0 2820.0 2879.0 120.0          
Column B 06/14/19 6/14/19 13:00 50.0 3000.0 2929.0 122.0          
Column B 06/17/19 6/17/19 12:00 71.0 4260.0 3000.0 125.0          
Column B 06/19/19 6/19/19 11:00 47.0 2820.0 3047.0 127.0 0.0156 10.69 0.0105 124.6 373.8 
Column B 06/21/19 6/21/19 12:30 49.5 2970.0 3096.5 129.0          
Column B 06/24/19  6/24/19 13:00 72.5 4350.0 3169.0 132.0          
Column B 06/26/19 6/26/19 12:00 47.0 2820.0 3216.0 134.0          
Column B 06/28/19 6/28/19 12:00 48.0 2880.0 3264.0 136.0          
Column B 07/01/19 7/1/19 13:00 73.0 4380.0 3337.0 139.0          













Ni P Pb S SO4 
mg/L mg/L mg/L mg/L mg/L 
Column B 07/05/19 7/5/19 10:20 49.8 2990.0 3430.3 142.9          
Column B 07/08/19 7/8/19 12:30 74.2 4450.0 3504.5 146.0          
Column B 07/10/19 7/10/19 12:00 47.5 2850.0 3552.0 148.0          
Column B 07/12/19 7/12/19 13:00 49.0 2940.0 3601.0 150.0          
Column B 07/15/19 7/15/19 11:00 70.0 4200.0 3671.0 153.0          
Column B 07/17/19 7/17/19 11:00 48.0 2880.0 3719.0 155.0          
Column B 07/19/19 7/19/19 13:00 50.0 3000.0 3769.0 157.0 0.0278 11.49 0.0192 157.5 472.5 
Column B 07/22/19 7/22/19 12:30 71.5 4290.0 3840.5 160.0          
Column B 07/24/19 7/24/19 10:00 45.5 2730.0 3886.0 161.9          
Column B 07/26/19 7/26/19 11:00 49.0 2940.0 3935.0 164.0          













Ni P Pb S SO4 
mg/L mg/L mg/L mg/L mg/L 
Column B 08/05/19 8/5/19 11:30 71.5 4290.0 4175.5 174.0          
Column B 08/09/19 8/9/19 12:00 96.5 5790.0 4272.0 178.0          
Column B 08/12/19 8/12/19 14:00 74.0 4440.0 4346.0 181.1 0.0301 21.38 0.023 106.6 319.8 
Column B 08/14/19 8/14/19 10:00 44.0 2640.0 4390.0 182.9          
Column B 08/16/19 8/16/19 12:00 50.0 3000.0 4440.0 185.0          
AVERAGE PERIOD 1 0.010 5.989 0.004 120.106 145.513 
Column B 08/19/19 8/19/19 13:00 73.0 4380.0 4513.0 188.0 0.0045 10.32 0.0086 149.4 448.2 
Column B 08/21/19 8/21/19 11:00 46.0 2760.0 4559.0 190.0          
Column B 08/23/19 8/23/19 9:00 46.0 2760.0 4605.0 191.9 0.005 7.278 0.0066 151.2 453.6 
Column B 08/26/19 8/26/19 9:00 72.0 4320.0 4677.0 194.9          













Ni P Pb S SO4 
mg/L mg/L mg/L mg/L mg/L 
AVERAGE PERIOD 2 0.005 8.799 0.008 150.300 300.600 
Column B 08/30/19  8/30/19 11:00 51.0 3060.0 4775.0 199.0 0.0087 8.176 0.0052 143.1 429.3 
Column B 09/04/19 9/4/19 7:30 45.0 2700.0 4891.5 203.8 0.0133 11.33 0.001 150.2 450.6 
Column B 09/06/19 9/6/19 8:00 48.5 2910.0 4940.0 205.8 0.001 4.026 0.04 158.7 476.1 
Column B 09/11/19 9/11/19 10:30 50.0 3000.0 5062.5 210.9 0.0147 19.26 0.007 153.8 461.4 
AVERAGE PERIOD 3 0.009 10.698 0.013 151.450 113.588 
Column B 10/16/19 10/16/19 15:00 47.3 2840.0 5907.0 246.1 0.0259 7.087 0.0142 160.1 480.3 
AVERAGE PERIOD 4 0.026 7.087 0.014 160.100 15.494 














Se Si Sr Zn 
mg/L mg/L mg/L mg/L 
RECIRCULATION 2/12/19 12:00 0.0 0.0 0.0 0.0         
Diluted Feed 3/9/19 13:10 601.2 36070.0 601.2 25.0 0.025 17.053 5.028 0.698 
Column B 03/11/19 3/11/19 13:08 48.0 2878.0 649.1 27.0 0.025 34.97 11.22 0.001 
Column B 03/13/19 3/13/19 10:23 45.2 2715.0 694.4 28.9 0.025 30.08 8.551 0.001 
Column B 03/15/19 3/15/19 14:30 52.1 3127.0 746.5 31.1 0.025 34.71 11.31 0.001 
Column B 03/19/19 3/19/19 12:30 94.0 5640.0 840.5 35.0 0.025 36.17 8.672 0.001 
Column B 03/23/19 3/23/19 12:40 96.2 5770.0 936.7 39.0 0.025 22.15 4.359 0.001 
Column B 03/25/19 3/25/19 12:10 47.5 2850.0 984.2 41.0 0.025 42.06 13.9 0.001 
Column B 03/30/19 3/30/19 11:53 71.4 4283.0 1103.9 46.0 0.025 44.56 10.13 0.001 
Column B 04/02/19 4/2/19 17:30 77.6 4657.0 1181.5 49.2 0.025 51.01 11.16 0.001 












Se Si Sr Zn 
mg/L mg/L mg/L mg/L 
Column B 04/06/19 4/6/19 11:10 48.0 2880.0 1271.2 53.0 0.025 52.35 10.7 0.001 
Column B 04/09/19 4/9/19 14:14 75.1 4504.0 1346.2 56.1 0.025 55.25 9.966 0.001 
Column B 04/11/19 4/11/19 18:15 52.0 3121.0 1398.2 58.3 0.025 51.36 5.837 0.001 
Column B 04/21/19 4/21/19 18:30 56.0 3358.0 1638.5 68.3 0.025 68.39 8.877 0.0326 
Column B 04/28/19 4/28/19 16:46 166.3 9976.0 1804.8 75.2 0.025 49.9 4.62 0.001 
Column B 05/02/19 5/2/19 14:37 93.8 5631.0 1898.6 79.1 0.025 78.58 6.355 0.0334 
Column B 05/17/19 5/17/19 20:51 194.9 11691.0 2264.9 94.4 0.025 7.684 0.7073 0.001 
Column B 05/21/19 5/21/19 11:00 86.2 5169.0 2351.0 98.0 0.025 99.05 8.472 0.0476 
Column B 06/03/19 6/3/19 11:00 73.0 4380.0 2663.0 111.0 0.025 104.6 6.496 0.001 
Column B 06/05/19 6/5/19 11:00 48.0 2880.0 2711.0 113.0         












Se Si Sr Zn 
mg/L mg/L mg/L mg/L 
Column B 06/10/19 6/10/19 12:00 73.0 4380.0 2832.0 118.0         
Column B 06/12/19 6/12/19 11:00 47.0 2820.0 2879.0 120.0         
Column B 06/14/19 6/14/19 13:00 50.0 3000.0 2929.0 122.0         
Column B 06/17/19 6/17/19 12:00 71.0 4260.0 3000.0 125.0         
Column B 06/19/19 6/19/19 11:00 47.0 2820.0 3047.0 127.0 0.025 108.6 5.47 0.001 
Column B 06/21/19 6/21/19 12:30 49.5 2970.0 3096.5 129.0         
Column B 06/24/19  6/24/19 13:00 72.5 4350.0 3169.0 132.0         
Column B 06/26/19 6/26/19 12:00 47.0 2820.0 3216.0 134.0         
Column B 06/28/19 6/28/19 12:00 48.0 2880.0 3264.0 136.0         
Column B 07/01/19 7/1/19 13:00 73.0 4380.0 3337.0 139.0         












Se Si Sr Zn 
mg/L mg/L mg/L mg/L 
Column B 07/05/19 7/5/19 10:20 49.8 2990.0 3430.3 142.9         
Column B 07/08/19 7/8/19 12:30 74.2 4450.0 3504.5 146.0         
Column B 07/10/19 7/10/19 12:00 47.5 2850.0 3552.0 148.0         
Column B 07/12/19 7/12/19 13:00 49.0 2940.0 3601.0 150.0         
Column B 07/15/19 7/15/19 11:00 70.0 4200.0 3671.0 153.0         
Column B 07/17/19 7/17/19 11:00 48.0 2880.0 3719.0 155.0         
Column B 07/19/19 7/19/19 13:00 50.0 3000.0 3769.0 157.0 0.025 117.2 5.526 0.0024 
Column B 07/22/19 7/22/19 12:30 71.5 4290.0 3840.5 160.0         
Column B 07/24/19 7/24/19 10:00 45.5 2730.0 3886.0 161.9         
Column B 07/26/19 7/26/19 11:00 49.0 2940.0 3935.0 164.0         












Se Si Sr Zn 
mg/L mg/L mg/L mg/L 
Column B 08/05/19 8/5/19 11:30 71.5 4290.0 4175.5 174.0         
Column B 08/09/19 8/9/19 12:00 96.5 5790.0 4272.0 178.0         
Column B 08/12/19 8/12/19 14:00 74.0 4440.0 4346.0 181.1 0.025 128.7 5.947 0.0215 
Column B 08/14/19 8/14/19 10:00 44.0 2640.0 4390.0 182.9         
Column B 08/16/19 8/16/19 12:00 50.0 3000.0 4440.0 185.0         
AVERAGE PERIOD 1 0.025 60.240 8.008 0.007 
Column B 08/19/19 8/19/19 13:00 73.0 4380.0 4513.0 188.0 0.025 53.73 4.21 0.0025 
Column B 08/21/19 8/21/19 11:00 46.0 2760.0 4559.0 190.0         
Column B 08/23/19 8/23/19 9:00 46.0 2760.0 4605.0 191.9 0.025 45.28 4.017 0.001 
Column B 08/26/19 8/26/19 9:00 72.0 4320.0 4677.0 194.9         












Se Si Sr Zn 
mg/L mg/L mg/L mg/L 
AVERAGE PERIOD 2 0.025 49.505 4.114 0.002 
Column B 08/30/19  8/30/19 11:00 51.0 3060.0 4775.0 199.0 0.025 46.25 5.034 0.0024 
Column B 09/04/19 9/4/19 7:30 45.0 2700.0 4891.5 203.8 0.025 57.03 6.187 0.0078 
Column B 09/06/19 9/6/19 8:00 48.5 2910.0 4940.0 205.8 0.025 74.92 5.786 0.001 
Column B 09/11/19 9/11/19 10:30 50.0 3000.0 5062.5 210.9 0.025 76.39 5.453 0.001 
AVERAGE PERIOD 3 0.025 63.648 5.615 0.003 
Column B 10/16/19 10/16/19 15:00 47.3 2840.0 5907.0 246.1 0.025 90.07 5.086 0.001 
AVERAGE PERIOD 4 0.025 90.070 5.086 0.001 






Table E.3 – Chemicals concentration in effluent from Column C 









Al As B Ba Ca 
mg/L mg/L mg/L mg/L mg/L 
RECIRCULATION 2/12/19 12:00 0.0 0.0 0.0 0.0           
Diluted Feed 3/9/19 13:10 601.2 36070.0 601.2 25.0 0.0308 0.0143 0.5191 0.1435 164.6 
Column C 03/11/19 3/11/19 13:08 48.0 2878.0 649.1 27.0 0.001 0.026 0.49 0.374 268.3 
Column C 03/13/19 3/13/19 10:23 45.2 2715.0 694.4 28.9 0.001 0.001 0.414 0.544 259.5 
Column C 03/15/19 3/15/19 14:30 52.1 3127.0 746.5 31.1 0.001 0.001 0.431 0.813 336.3 
Column C 03/19/19 3/19/19 12:30 94.0 5640.0 840.5 35.0 0.001 0.001 0.39 1.02 296.3 
Column C 03/23/19 3/23/19 12:00 95.5 5730.0 936.0 39.0 0.001 0.001 0.448 1.143 341 
Column C 03/25/19 3/25/19 12:10 48.2 2890.0 984.2 41.0 0.001 0.001 0.492 1.14 333.1 
Column C 03/27/19 3/27/19 12:30 48.3 2900.0 1032.5 43.0 0.001 0.001 0.478 0.89 406.1 
Column C 03/30/19 3/30/19 11:53 71.4 4283.0 1103.9 46.0 0.001 0.001 0.513 0.649 424.9 













Al As B Ba Ca 
mg/L mg/L mg/L mg/L mg/L 
Column C 04/04/19 4/4/19 11:10 41.7 2500.0 1223.2 51.0 0.001 0.001 0.521 0.712 458.2 
Column C 04/06/19 4/6/19 11:10 48.0 2880.0 1271.2 53.0 0.001 0.001 0.551 0.707 501.7 
Column C 04/09/19 4/9/19 14:14 75.1 4504.0 1346.2 56.1 0.001 0.001 0.409 0.511 361.1 
Column C 04/11/19 4/11/19 18:15 52.0 3121.0 1398.2 58.3 0.001 0.001 0.612 0.67 386.3 
Column C 04/21/19 4/21/19 18:30 56.0 3358.0 1638.5 68.3 0.001 0.0315 0.5648 0.5246 126.2 
Column C 04/28/19 4/28/19 16:46 166.3 9976.0 1804.8 75.2 0.001 0.0417 0.4839 0.4978 223.4 
Column C 05/02/19 5/2/19 14:37 93.8 5631.0 1898.6 79.1 0.001 0.0479 0.5399 0.3724 271.7 
Column C 05/21/19 5/21/19 11:00 86.2 5169.0 2351.0 98 0.001 0.0249 0.4082 0.2851 381.9 
Column C 05/27/19 5/27/19 9:30 70.5 4230.0 2493.5 103.9 0.0075 0.0218 0.4451 0.2195 385.3 
Column C 06/03/19 6/3/19 11:00 73.0 4380.0 2663.0 111.0 0.0325 0.0099 0.4706 0.1343 228.4 













Al As B Ba Ca 
mg/L mg/L mg/L mg/L mg/L 
Column C 06/24/19 6/24/19 13:00 72.5 4350.0 3169.0 132.0 0.001 0.0459 0.5633 0.0322 206.1 
Column C 07/01/19 7/1/19 13:00 73.0 4380.0 3337.0 139.0 0.006 0.0656 0.5349 0.0063 188 
Column C 07/19/19 7/19/19 13:00 50.0 3000.0 3769.0 157.0 0.001 0.0707 0.4878 0.0301 137.7 
Column C 07/22/19 7/22/19 12:30 71.5 4290.0 3840.5 160.0           
Column C 07/26/19 7/26/19 11:00 94.5 5670.0 3935.0 164.0 0.001 0.0393 0.461 0.0246 71.45 
Column C 08/02/19 8/2/19 12:00 169.0 10140.0 4104.0 171.0           
Column C 08/12/19 8/12/19 14:00 242.0 14520.0 4346.0 181.1 0.001 0.0927 0.4444 0.0072 83.62 
AVERAGE PERIOD 1 0.003 0.023 0.482 0.466 286.530 
Column C 08/19/19 8/19/19 13:00 167.0 10020.0 4513.0 188.0 0.001 0.0603 0.4441 0.0173 113.8 
Column C 08/21/19 8/21/19 11:00 46.0 2760.0 4559.0 190.0           













Al As B Ba Ca 
mg/L mg/L mg/L mg/L mg/L 
Column C 08/26/19 8/26/19 9:00 72.0 4320.0 4677.0 194.9           
Column C 08/28/19 8/28/19 8:00 47.0 2820.0 4724.0 196.8           
AVERAGE PERIOD 2 0.009 0.058 0.446 0.016 104.455 
Column C 08/30/19  8/30/19 11:00 51.0 3060.0 4775.0 199.0 0.0117 0.059 0.471 0.021 80.92 
Column C 09/02/19 9/2/19 10:30 71.5 4290.0 4846.5 201.9           
Column C 09/04/19 9/4/19 7:30 45.0 2700.0 4891.5 203.8 0.011 0.0335 0.4777 0.0107 77.12 
Column C 09/06/19 9/6/19 8:00 48.5 2910.0 4940.0 205.8 0.001 0.0413 0.5759 0.0375 86.87 
Column C 09/09/19 9/9/19 8:30 72.5 4350.0 5012.5 208.9           
Column C 09/11/19 9/11/19 10:30 50.0 3000.0 5062.5 210.9 0.0116 0.077 0.4613 0.0118 93.6 
Column C 09/13/19 9/13/19 10:45 48.2 2895.0 5110.7 212.9           













Al As B Ba Ca 
mg/L mg/L mg/L mg/L mg/L 
Column C 09/19/19 9/19/19 8:30 69.8 4190.0 5252.5 218.9           
Column C 09/21/19 9/21/19 10:00 49.5 2970.0 5302.0 220.9           
Column C 09/23/19 9/23/19 8:00 46.0 2760.0 5348.0 222.8           
Column C 09/25/19 9/25/19 10:30 50.5 3030.0 5398.5 224.9           
Column C 09/27/19 9/27/19 10:00 47.5 2850.0 5446.0 226.9           
Column C 09/30/19 9/30/19 13:00 75.0 4500.0 5521.0 230.0           
Column C 10/02/19 10/2/19 13:30 48.5 2910.0 5569.5 232.1           
Column C 10/05/19 10/5/19 10:00 68.5 4110.0 5638.0 234.9           
Column C 10/07/19 10/7/19 14:30 52.5 3150.0 5690.5 237.1           
Column C 10/09/19 10/9/19 13:40 47.2 2830.0 5737.7 239.1           













Al As B Ba Ca 
mg/L mg/L mg/L mg/L mg/L 
Column C 10/14/19 10/14/19 15:40 60.2 3610.0 5859.7 244.2           
AVERAGE PERIOD 3 0.009 0.053 0.496 0.020 84.628 
Column C 10/16/19 10/16/19 15:00 47.3 2840.0 5907.0 246.1 0.001 0.0818 0.5328 0.0162 114 
Column C 10/18/19  10/18/19 16:00 49.0 2940.0 5956.0 248.2           
Column C 10/21/19 10/21/19 8:00 64.0 3840.0 6020.0 250.8           
Column C 10/23/19 10/23/19 8:20 48.3 2900.0 6068.3 252.8           
Column C 10/25/19 10/25/19 8:30 48.2 2890.0 6116.5 254.9           
Column C 10/28/19 10/28/19 8:10 71.7 4300.0 6188.2 257.8           
Column C 10/30/19 10/30/19 10:30 50.3 3020.0 6238.5 259.9           
Column C 11/01/19 11/1/19 8:15 45.8 2745.0 6284.3 261.8           













Al As B Ba Ca 
mg/L mg/L mg/L mg/L mg/L 
Column C 11/06/19 11/6/19 10:40 50.9 3055.0 6406.7 266.9           
Column C 11/08/19 11/8/19 9:00 46.3 2780.0 6453.0 268.9           
Column C 11/11/19 11/11/19 8:00 71.0 4260.0 6524.0 271.8           
Column C 11/13/19 11/13/19 14:30 54.5 3270.0 6578.5 274.1           
Column C 11/15/19 11/15/19 9:25 42.9 2575.0 6621.4 275.9           
Column C 11/18/19 11/18/19 9:30 72.1 4325.0 6693.5 278.9           
Column C 11/20/19 11/20/19 8:30 47.0 2820.0 6740.5 280.9           
Column C 11/22/19 11/22/19 8:15 47.8 2865.0 6788.3 282.8           
AVERAGE PERIOD 4 0.001 0.082 0.533 0.016 114.000 
Undiluted Feed 11/22/19 8:15 47.8 2865.0 6788.3 283 0.007 0.032 1.458 0.049 612.563 













Al As B Ba Ca 
mg/L mg/L mg/L mg/L mg/L 
Column C 11/28/19 11/28/19 14:02 53.7 3224.0 6938.0 289.1           
Column C 11/30/19 11/30/19 10:30 44.5 2668.0 6982.5 290.9           
Column C 12/02/19 12/2/19 9:36 47.1 2826.0 7029.6 292.9           
Column C 12/04/19 12/4/19 10:30 48.9 2934.0 7078.5 294.9           
Column C 12/06/19 12/6/19 11:30 49.0 2940.0 7127.5 297.0           
Column C 12/09/19 12/9/19 8:30 69.0 4140.0 7196.5 299.9 0.001 0.001 1.559 0.0333 258.6 
Column C 12/11/19 12/11/19 8:00 47.5 2850.0 7244.0 301.8           
Column C 12/13/19 12/13/19 11:00 51.0 3060.0 7295.0 304.0           
Column C 12/16/19 12/16/19 14:01 75.0 4501.0 7370.0 307.1           
Column C 12/18/19 12/18/19 10:21 44.3 2660.0 7414.4 308.9           













Al As B Ba Ca 
mg/L mg/L mg/L mg/L mg/L 
Column C 12/23/19 12/23/20199:52 72.1 4326.0 7533.9 313.9           
Column C 12/25/19 12/25/19 10:30 48.6 2918.0 7582.5 315.9           
Column C 12/27/19 12/27/19 8:32 46.0 2762.0 7628.5 317.9           
Column C 12/30/19 12/30/19 10:52 74.3 4460.0 7702.9 321.0           
Column C 01/01/20 1/1/20 12:48 49.9 2996.0 7752.8 323.0           
Column C 01/03/20 1/3/20 15:56 51.1 3068.0 7803.9 325.2           
Column C 01/06/20 1/6/20 15:34 71.6 4298.0 7875.6 328.1           
Column C 01/10/20 1/10/20 9:07 89.6 5373.0 7965.1 331.9           
Column C 01/17/20 1/17/20 13:00 171.9 10313.0 8137.0 339.0 0.001 0.001 1.347 0.1817 895.1 













Cd Co Cr Cu Fe 
mg/L mg/L mg/L mg/L mg/L 
RECIRCULATION 2/12/19 12:00 0.0 0.0 0.0 0.0           
Diluted Feed 3/9/19 13:10 601.2 36070.0 601.2 25.0 0.001 0.0016 2.649 0.0289 0.6912 
Column C 03/11/19 3/11/19 13:08 48.0 2878.0 649.1 27.0 0.001 0.001 0.018 0.001 0.001 
Column C 03/13/19 3/13/19 10:23 45.2 2715.0 694.4 28.9 0.001 0.001 0.04 0.001 0.001 
Column C 03/15/19 3/15/19 14:30 52.1 3127.0 746.5 31.1 0.001 0.001 0.085 0.001 0.001 
Column C 03/19/19 3/19/19 12:30 94.0 5640.0 840.5 35.0 0.001 0.001 0.13 0.001 0.001 
Column C 03/23/19 3/23/19 12:00 95.5 5730.0 936.0 39.0 0.001 0.001 0.13 0.001 0.001 
Column C 03/25/19 3/25/19 12:10 48.2 2890.0 984.2 41.0 0.001 0.001 0.139 0.001 0.001 
Column C 03/27/19 3/27/19 12:30 48.3 2900.0 1032.5 43.0 0.001 0.001 0.35 0.001 0.001 
Column C 03/30/19 3/30/19 11:53 71.4 4283.0 1103.9 46.0 0.001 0.001 0.222 0.001 0.001 












Cd Co Cr Cu Fe 
mg/L mg/L mg/L mg/L mg/L 
Column C 04/04/19 4/4/19 11:10 41.7 2500.0 1223.2 51.0 0.001 0.001 0.171 0.001 0.001 
Column C 04/06/19 4/6/19 11:10 48.0 2880.0 1271.2 53.0 0.001 0.001 0.185 0.001 0.001 
Column C 04/09/19 4/9/19 14:14 75.1 4504.0 1346.2 56.1 0.001 0.001 0.115 0.001 0.001 
Column C 04/11/19 4/11/19 18:15 52.0 3121.0 1398.2 58.3 0.001 0.001 0.193 0.001 0.001 
Column C 04/21/19 4/21/19 18:30 56.0 3358.0 1638.5 68.3 0.001 0.0034 0.2336 0.1847 0.0075 
Column C 04/28/19 4/28/19 16:46 166.3 9976.0 1804.8 75.2 0.001 0.002 0.2192 0.1044 0.0081 
Column C 05/02/19 5/2/19 14:37 93.8 5631.0 1898.6 79.1 0.001 0.0038 0.1929 0.1228 0.001 
Column C 05/21/19 5/21/19 11:00 86.2 5169.0 2351.0 98.0 0.001 0.0022 0.7177 0.071 0.0165 
Column C 05/27/19 5/27/19 9:30 70.5 4230.0 2493.5 103.9 0.001 0.0035 0.3827 0.0932 0.0058 
Column C 06/03/19 6/3/19 11:00 73.0 4380.0 2663.0 111.0 0.001 0.006 0.6947 0.001 0.7273 












Cd Co Cr Cu Fe 
mg/L mg/L mg/L mg/L mg/L 
Column C 06/24/19 6/24/19 13:00 72.5 4350.0 3169.0 132.0 0.001 0.001 0.1264 0.001 0.0377 
Column C 07/01/19 7/1/19 13:00 73.0 4380.0 3337.0 139.0 0.001 0.001 0.0748 0.001 0.011 
Column C 07/19/19 7/19/19 13:00 50.0 3000.0 3769.0 157.0 0.001 0.001 0.1605 0.001 0.0641 
Column C 07/22/19 7/22/19 12:30 71.5 4290.0 3840.5 160.0           
Column C 07/26/19 7/26/19 11:00 94.5 5670.0 3935.0 164.0 0.001 0.001 0.1852 0.0075 0.0927 
Column C 08/02/19 8/2/19 12:00 169.0 10140.0 4104.0 171.0           
Column C 08/12/19 8/12/19 14:00 242.0 14520.0 4346.0 181.1 0.001 0.001 0.1374 0.0065 0.2461 
AVERAGE PERIOD 1 0.001 0.002 0.212 0.024 0.051 
Column C 08/19/19 8/19/19 13:00 167.0 10020.0 4513.0 188.0 0.001 0.001 0.1701 0.001 0.2474 
Column C 08/21/19 8/21/19 11:00 46.0 2760.0 4559.0 190.0           












Cd Co Cr Cu Fe 
mg/L mg/L mg/L mg/L mg/L 
Column C 08/26/19 8/26/19 9:00 72.0 4320.0 4677.0 194.9           
Column C 08/28/19 8/28/19 8:00 47.0 2820.0 4724.0 196.8           
AVERAGE PERIOD 2 0.001 0.001 0.151 0.001 0.158 
Column C 08/30/19  8/30/19 11:00 51.0 3060.0 4775.0 199.0 0.001 0.001 0.13 0.024 0.1222 
Column C 09/02/19 9/2/19 10:30 71.5 4290.0 4846.5 201.9           
Column C 09/04/19 9/4/19 7:30 45.0 2700.0 4891.5 203.8 0.001 0.001 0.0938 0.0464 0.0177 
Column C 09/06/19 9/6/19 8:00 48.5 2910.0 4940.0 205.8 0.001 0.001 0.1974 0.001 0.023 
Column C 09/09/19 9/9/19 8:30 72.5 4350.0 5012.5 208.9           
Column C 09/11/19 9/11/19 10:30 50.0 3000.0 5062.5 210.9 0.001 0.001 0.1308 0.0072 0.0901 
Column C 09/13/19 9/13/19 10:45 48.2 2895.0 5110.7 212.9           












Cd Co Cr Cu Fe 
mg/L mg/L mg/L mg/L mg/L 
Column C 09/19/19 9/19/19 8:30 69.8 4190.0 5252.5 218.9           
Column C 09/21/19 9/21/19 10:00 49.5 2970.0 5302.0 220.9           
Column C 09/23/19 9/23/19 8:00 46.0 2760.0 5348.0 222.8           
Column C 09/25/19 9/25/19 10:30 50.5 3030.0 5398.5 224.9           
Column C 09/27/19 9/27/19 10:00 47.5 2850.0 5446.0 226.9           
Column C 09/30/19 9/30/19 13:00 75.0 4500.0 5521.0 230.0           
Column C 10/02/19 10/2/19 13:30 48.5 2910.0 5569.5 232.1           
Column C 10/05/19 10/5/19 10:00 68.5 4110.0 5638.0 234.9           
Column C 10/07/19 10/7/19 14:30 52.5 3150.0 5690.5 237.1           
Column C 10/09/19 10/9/19 13:40 47.2 2830.0 5737.7 239.1           












Cd Co Cr Cu Fe 
mg/L mg/L mg/L mg/L mg/L 
Column C 10/14/19 10/14/19 15:40 60.2 3610.0 5859.7 244.2           
AVERAGE PERIOD 3 0.001 0.001 0.138 0.020 0.063 
Column C 10/16/19 10/16/19 15:00 47.3 2840.0 5907.0 246.1 0.001 0.0014 0.2906 0.0082 0.0685 
Column C 10/18/19  10/18/19 16:00 49.0 2940.0 5956.0 248.2           
Column C 10/21/19 10/21/19 8:00 64.0 3840.0 6020.0 250.8           
Column C 10/23/19 10/23/19 8:20 48.3 2900.0 6068.3 252.8           
Column C 10/25/19 10/25/19 8:30 48.2 2890.0 6116.5 254.9           
Column C 10/28/19 10/28/19 8:10 71.7 4300.0 6188.2 257.8           
Column C 10/30/19 10/30/19 10:30 50.3 3020.0 6238.5 259.9           
Column C 11/01/19 11/1/19 8:15 45.8 2745.0 6284.3 261.8           












Cd Co Cr Cu Fe 
mg/L mg/L mg/L mg/L mg/L 
Column C 11/06/19 11/6/19 10:40 50.9 3055.0 6406.7 266.9           
Column C 11/08/19 11/8/19 9:00 46.3 2780.0 6453.0 268.9           
Column C 11/11/19 11/11/19 8:00 71.0 4260.0 6524.0 271.8           
Column C 11/13/19 11/13/19 14:30 54.5 3270.0 6578.5 274.1           
Column C 11/15/19 11/15/19 9:25 42.9 2575.0 6621.4 275.9           
Column C 11/18/19 11/18/19 9:30 72.1 4325.0 6693.5 278.9           
Column C 11/20/19 11/20/19 8:30 47.0 2820.0 6740.5 280.9           
Column C 11/22/19 11/22/19 8:15 47.8 2865.0 6788.3 282.8           
AVERAGE PERIOD 4 0.001 0.001 0.291 0.008 0.069 
Undiluted Feed 11/22/19 8:15 47.8 2865.0 6788.3 283 0.001 0.004 20.268 0.020 0.095 












Cd Co Cr Cu Fe 
mg/L mg/L mg/L mg/L mg/L 
Column C 11/28/19 11/28/19 14:02 53.7 3224.0 6938.0 289.1           
Column C 11/30/19 11/30/19 10:30 44.5 2668.0 6982.5 290.9           
Column C 12/02/19 12/2/19 9:36 47.1 2826.0 7029.6 292.9           
Column C 12/04/19 12/4/19 10:30 48.9 2934.0 7078.5 294.9           
Column C 12/06/19 12/6/19 11:30 49.0 2940.0 7127.5 297.0           
Column C 12/09/19 12/9/19 8:30 69.0 4140.0 7196.5 299.9 0.001 0.0015 0.097 0.0037 0.676 
Column C 12/11/19 12/11/19 8:00 47.5 2850.0 7244.0 301.8           
Column C 12/13/19 12/13/19 11:00 51.0 3060.0 7295.0 304.0           
Column C 12/16/19 12/16/19 14:01 75.0 4501.0 7370.0 307.1           
Column C 12/18/19 12/18/19 10:21 44.3 2660.0 7414.4 308.9           












Cd Co Cr Cu Fe 
mg/L mg/L mg/L mg/L mg/L 
Column C 12/23/19 12/23/2019 9:52 72.1 4326.0 7533.9 313.9           
Column C 12/25/19 12/25/19 10:30 48.6 2918.0 7582.5 315.9           
Column C 12/27/19 12/27/19 8:32 46.0 2762.0 7628.5 317.9           
Column C 12/30/19 12/30/19 10:52 74.3 4460.0 7702.9 321.0           
Column C 01/01/20 1/1/20 12:48 49.9 2996.0 7752.8 323.0           
Column C 01/03/20 1/3/20 15:56 51.1 3068.0 7803.9 325.2           
Column C 01/06/20 1/6/20 15:34 71.6 4298.0 7875.6 328.1           
Column C 01/10/20 1/10/20 9:07 89.6 5373.0 7965.1 331.9           
Column C 01/17/20 1/17/20 13:00 171.9 10313.0 8137.0 339.0 0.001 0.0197 0.0294 8.324 0.0806 














K Mg Mn Mo Na 
mg/L mg/L mg/L mg/L mg/L 
RECIRCULATION 2/12/19 12:00 0.0 0.0 0.0 0.0           
Diluted Feed 3/9/19 13:10 601.2 36070.0 601.2 25.0 57.61 58.31 0.0774 0.0093 549.9 
Column C 03/11/19 3/11/19 13:08 48.0 2878.0 649.1 27.0 56.37 171.8 0.001 0.001 1238 
Column C 03/13/19 3/13/19 10:23 45.2 2715.0 694.4 28.9 48.07 161.5 0.001 0.001 1147 
Column C 03/15/19 3/15/19 14:30 52.1 3127.0 746.5 31.1 59.56 229.1 0.026 0.001 1437 
Column C 03/19/19 3/19/19 12:30 94.0 5640.0 840.5 35.0 63.62 242.1 0.069 0.001 1402 
Column C 03/23/19 3/23/19 12:00 95.5 5730.0 936.0 39.0 77.57 263.8 0.125 0.001 1508 
Column C 03/25/19 3/25/19 12:10 48.2 2890.0 984.2 41.0 82.7 260 0.141 0.001 1531 
Column C 03/27/19 3/27/19 12:30 48.3 2900.0 1032.5 43.0 73.96 243.2 0.169 0.001 1547 
Column C 03/30/19 3/30/19 11:53 71.4 4283.0 1103.9 46.0 68.52 254.3 0.126 0.001 1604 












K Mg Mn Mo Na 
mg/L mg/L mg/L mg/L mg/L 
Column C 04/04/19 4/4/19 11:10 41.7 2500.0 1223.2 51.0 67.71 291.6 0.231 0.001 1655 
Column C 04/06/19 4/6/19 11:10 48.0 2880.0 1271.2 53.0 66.85 304.3 0.243 0.001 1658 
Column C 04/09/19 4/9/19 14:14 75.1 4504.0 1346.2 56.1 46.92 213.2 0.178 0.001 1126 
Column C 04/11/19 4/11/19 18:15 52.0 3121.0 1398.2 58.3 73.8 322.8 0.245 0.001 1685 
Column C 04/21/19 4/21/19 18:30 56.0 3358.0 1638.5 68.3 61.96 299.1 0.2946 0.0177 1618 
Column C 04/28/19 4/28/19 16:46 166.3 9976.0 1804.8 75.2 51.31 268.2 0.3396 0.02 1605 
Column C 05/02/19 5/2/19 14:37 93.8 5631.0 1898.6 79.1 60.34 323.7 0.26 0.0228 1602 
Column C 05/21/19 5/21/19 11:00 86.2 5169.0 2351.0 98 55.54 231.3 0.5073 0.0105 1224 
Column C 05/27/19 5/27/19 9:30 70.5 4230.0 2493.5 103.9 57.36 287.7 0.5028 0.0119 1347 
Column C 06/03/19 6/3/19 11:00 73.0 4380.0 2663.0 111.0 44.29 116.4 0.5166 0.0069 455.1 












K Mg Mn Mo Na 
mg/L mg/L mg/L mg/L mg/L 
Column C 06/24/19 6/24/19 13:00 72.5 4350.0 3169.0 132.0 48.77 86.89 0.3898 0.0017 407 
Column C 07/01/19 7/1/19 13:00 73.0 4380.0 3337.0 139.0 52.93 94.66 0.0879 0.0019 420.6 
Column C 07/19/19 7/19/19 13:00 50.0 3000.0 3769.0 157.0 58.98 77.08 0.2365 0.0021 437.2 
Column C 07/22/19 7/22/19 12:30 71.5 4290.0 3840.5 160.0           
Column C 07/26/19 7/26/19 11:00 94.5 5670.0 3935.0 164.0 47.55 78.6 0.3271 0.0011 405.8 
Column C 08/02/19 8/2/19 12:00 169.0 10140.0 4104.0 171.0           
Column C 08/12/19 8/12/19 14:00 242.0 14520.0 4346.0 181.1 59.85 102.7 0.5338 0.0075 425.2 
AVERAGE PERIOD 1 59.190 209.202 0.236 0.005 1177.919 
Column C 08/19/19 8/19/19 13:00 167.0 10020.0 4513.0 188.0 60.93 100.3 0.5413 0.0025 423.4 
Column C 08/21/19 8/21/19 11:00 46.0 2760.0 4559.0 190.0           












K Mg Mn Mo Na 
mg/L mg/L mg/L mg/L mg/L 
Column C 08/26/19 8/26/19 9:00 72.0 4320.0 4677.0 194.9           
Column C 08/28/19 8/28/19 8:00 47.0 2820.0 4724.0 196.8           
AVERAGE PERIOD 2 54.255 77.950 0.352 0.002 376.600 
Column C 08/30/19  8/30/19 11:00 51.0 3060.0 4775.0 199.0 41.15 45.94 0.1811 0.001 326.1 
Column C 09/02/19 9/2/19 10:30 71.5 4290.0 4846.5 201.9           
Column C 09/04/19 9/4/19 7:30 45.0 2700.0 4891.5 203.8 47.21 45.87 0.0543 0.001 360.5 
Column C 09/06/19 9/6/19 8:00 48.5 2910.0 4940.0 205.8 40.96 67.08 0.1749 0.0045 600.6 
Column C 09/09/19 9/9/19 8:30 72.5 4350.0 5012.5 208.9           
Column C 09/11/19 9/11/19 10:30 50.0 3000.0 5062.5 210.9 43.74 46.91 0.119 0.0024 349.3 
Column C 09/13/19 9/13/19 10:45 48.2 2895.0 5110.7 212.9           












K Mg Mn Mo Na 
mg/L mg/L mg/L mg/L mg/L 
Column C 09/19/19 9/19/19 8:30 69.8 4190.0 5252.5 218.9           
Column C 09/21/19 9/21/19 10:00 49.5 2970.0 5302.0 220.9           
Column C 09/23/19 9/23/19 8:00 46.0 2760.0 5348.0 222.8           
Column C 09/25/19 9/25/19 10:30 50.5 3030.0 5398.5 224.9           
Column C 09/27/19 9/27/19 10:00 47.5 2850.0 5446.0 226.9           
Column C 09/30/19 9/30/19 13:00 75.0 4500.0 5521.0 230.0           
Column C 10/02/19 10/2/19 13:30 48.5 2910.0 5569.5 232.1           
Column C 10/05/19 10/5/19 10:00 68.5 4110.0 5638.0 234.9           
Column C 10/07/19 10/7/19 14:30 52.5 3150.0 5690.5 237.1           
Column C 10/09/19 10/9/19 13:40 47.2 2830.0 5737.7 239.1           












K Mg Mn Mo Na 
mg/L mg/L mg/L mg/L mg/L 
Column C 10/14/19 10/14/19 15:40 60.2 3610.0 5859.7 244.2           
AVERAGE PERIOD 3 43.265 51.450 0.132 0.002 409.125 
Column C 10/16/19 10/16/19 15:00 47.3 2840.0 5907.0 246.1 48.53 76.3 0.0966 0.003 562.8 
Column C 10/18/19  10/18/19 16:00 49.0 2940.0 5956.0 248.2           
Column C 10/21/19 10/21/19 8:00 64.0 3840.0 6020.0 250.8           
Column C 10/23/19 10/23/19 8:20 48.3 2900.0 6068.3 252.8           
Column C 10/25/19 10/25/19 8:30 48.2 2890.0 6116.5 254.9           
Column C 10/28/19 10/28/19 8:10 71.7 4300.0 6188.2 257.8           
Column C 10/30/19 10/30/19 10:30 50.3 3020.0 6238.5 259.9           
Column C 11/01/19 11/1/19 8:15 45.8 2745.0 6284.3 261.8           












K Mg Mn Mo Na 
mg/L mg/L mg/L mg/L mg/L 
Column C 11/06/19 11/6/19 10:40 50.9 3055.0 6406.7 266.9           
Column C 11/08/19 11/8/19 9:00 46.3 2780.0 6453.0 268.9           
Column C 11/11/19 11/11/19 8:00 71.0 4260.0 6524.0 271.8           
Column C 11/13/19 11/13/19 14:30 54.5 3270.0 6578.5 274.1           
Column C 11/15/19 11/15/19 9:25 42.9 2575.0 6621.4 275.9           
Column C 11/18/19 11/18/19 9:30 72.1 4325.0 6693.5 278.9           
Column C 11/20/19 11/20/19 8:30 47.0 2820.0 6740.5 280.9           
Column C 11/22/19 11/22/19 8:15 47.8 2865.0 6788.3 282.8           
AVERAGE PERIOD 4 48.530 76.300 0.097 0.003 562.800 
Undiluted Feed 11/22/19 8:15 47.8 2865.0 6788.3 283 54.689 308.325 0.027 0.014 2429.000 












K Mg Mn Mo Na 
mg/L mg/L mg/L mg/L mg/L 
Column C 11/28/19 11/28/19 14:02 53.7 3224.0 6938.0 289.1           
Column C 11/30/19 11/30/19 10:30 44.5 2668.0 6982.5 290.9           
Column C 12/02/19 12/2/19 9:36 47.1 2826.0 7029.6 292.9           
Column C 12/04/19 12/4/19 10:30 48.9 2934.0 7078.5 294.9           
Column C 12/06/19 12/6/19 11:30 49.0 2940.0 7127.5 297.0           
Column C 12/09/19 12/9/19 8:30 69.0 4140.0 7196.5 299.9 56.76 203.7 0.7044 0.048 1336 
Column C 12/11/19 12/11/19 8:00 47.5 2850.0 7244.0 301.8           
Column C 12/13/19 12/13/19 11:00 51.0 3060.0 7295.0 304.0           
Column C 12/16/19 12/16/19 14:01 75.0 4501.0 7370.0 307.1           
Column C 12/18/19 12/18/19 10:21 44.3 2660.0 7414.4 308.9           












K Mg Mn Mo Na 
mg/L mg/L mg/L mg/L mg/L 
Column C 12/23/19 12/23/2019 9:52 72.1 4326.0 7533.9 313.9           
Column C 12/25/19 12/25/19 10:30 48.6 2918.0 7582.5 315.9           
Column C 12/27/19 12/27/19 8:32 46.0 2762.0 7628.5 317.9           
Column C 12/30/19 12/30/19 10:52 74.3 4460.0 7702.9 321.0           
Column C 01/01/20 1/1/20 12:48 49.9 2996.0 7752.8 323.0           
Column C 01/03/20 1/3/20 15:56 51.1 3068.0 7803.9 325.2           
Column C 01/06/20 1/6/20 15:34 71.6 4298.0 7875.6 328.1           
Column C 01/10/20 1/10/20 9:07 89.6 5373.0 7965.1 331.9           
Column C 01/17/20 1/17/20 13:00 171.9 10313.0 8137.0 339.0 88.9 423.1 2.267 0.015 3188 






Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Ni P Pb S SO4 
mg/L mg/L mg/L mg/L mg/L 
RECIRCULATION 2/12/19 12:00 0.0 0.0 0.0 0.0           
Diluted Feed 3/9/19 13:10 601.2 36070.0 601.2 25.0 0.0118 31.5 0.001 163.1 489.3 
Column C 03/11/19 3/11/19 13:08 48.0 2878.0 649.1 27.0 0.001 11.31 0.001 115.9 347.7 
Column C 03/13/19 3/13/19 10:23 45.2 2715.0 694.4 28.9 0.001 6.835 0.001 97.66 292.98 
Column C 03/15/19 3/15/19 14:30 52.1 3127.0 746.5 31.1 0.001 15.07 0.001 123.6 370.8 
Column C 03/19/19 3/19/19 12:30 94.0 5640.0 840.5 35.0 0.001 11.32 0.001 130.1 390.3 
Column C 03/23/19 3/23/19 12:00 95.5 5730.0 936.0 39.0 0.001 15.24 0.001 145.4 436.2 
Column C 03/25/19 3/25/19 12:10 48.2 2890.0 984.2 41.0 0.001 13.07 0.001 150.3 450.9 
Column C 03/27/19 3/27/19 12:30 48.3 2900.0 1032.5 43.0 0.001 22.34 0.001 155.4 466.2 
Column C 03/30/19 3/30/19 11:53 71.4 4283.0 1103.9 46.0 0.001 11.17 0.001 158.4 475.2 




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Ni P Pb S SO4 
mg/L mg/L mg/L mg/L mg/L 
Column C 04/04/19 4/4/19 11:10 41.7 2500.0 1223.2 51.0 0.001 13.69 0.001 161.1 483.3 
Column C 04/06/19 4/6/19 11:10 48.0 2880.0 1271.2 53.0 0.001 13.14 0.001 162.5 487.5 
Column C 04/09/19 4/9/19 14:14 75.1 4504.0 1346.2 56.1 0.001 10.02 0.001 113.5 340.5 
Column C 04/11/19 4/11/19 18:15 52.0 3121.0 1398.2 58.3 0.001 11.4 0.001 165.8 497.4 
Column C 04/21/19 4/21/19 18:30 56.0 3358.0 1638.5 68.3 0.0164 3.554 0.0086 164 492 
Column C 04/28/19 4/28/19 16:46 166.3 9976.0 1804.8 75.2 0.0128 6.946 0.001 142.8 428.4 
Column C 05/02/19 5/2/19 14:37 93.8 5631.0 1898.6 79.1 0.0164 8.134 0.0108 162.9 488.7 
Column C 05/21/19 5/21/19 11:00 86.2 5169.0 2351.0 98 0.0244 9.063 0.0203 123.7 371.1 
Column C 05/27/19 5/27/19 9:30 70.5 4230.0 2493.5 103.9 0.0269 7.569 0.0165 142.8 428.4 
Column C 06/03/19 6/3/19 11:00 73.0 4380.0 2663.0 111.0 0.0514 26.1 0.001 138.3 414.9 




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Ni P Pb S SO4 
mg/L mg/L mg/L mg/L mg/L 
Column C 06/24/19 6/24/19 13:00 72.5 4350.0 3169.0 132.0 0.0221 19.74 0.0159 75.41 226.23 
Column C 07/01/19 7/1/19 13:00 73.0 4380.0 3337.0 139.0 0.0278 7.006 0.0107 65.14 195.42 
Column C 07/19/19 7/19/19 13:00 50.0 3000.0 3769.0 157.0 0.0101 14.22 0.0169 7.406 22.218 
Column C 07/22/19 7/22/19 12:30 71.5 4290.0 3840.5 160.0         0 
Column C 07/26/19 7/26/19 11:00 94.5 5670.0 3935.0 164.0 0.0127 7.476 0.0151 22.06 66.18 
Column C 08/02/19 8/2/19 12:00 169.0 10140.0 4104.0 171.0         0 
Column C 08/12/19 8/12/19 14:00 242.0 14520.0 4346.0 181.1 0.0132 8.147 0.0168 7.638 22.914 
AVERAGE PERIOD 1 0.011 11.920 0.006 117.781 183.738 
Column C 08/19/19 8/19/19 13:00 167.0 10020.0 4513.0 188.0 0.0117 13.36 0.0176 2.81 8.43 
Column C 08/21/19 8/21/19 11:00 46.0 2760.0 4559.0 190.0         0 




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Ni P Pb S SO4 
mg/L mg/L mg/L mg/L mg/L 
Column C 08/26/19 8/26/19 9:00 72.0 4320.0 4677.0 194.9         0 
Column C 08/28/19 8/28/19 8:00 47.0 2820.0 4724.0 196.8         0 
AVERAGE PERIOD 2 0.009 18.355 0.014 27.020 32.424 
Column C 08/30/19  8/30/19 11:00 51.0 3060.0 4775.0 199.0 0.0068 28.31 0.0097 86.85 260.55 
Column C 09/02/19 9/2/19 10:30 71.5 4290.0 4846.5 201.9         0 
Column C 09/04/19 9/4/19 7:30 45.0 2700.0 4891.5 203.8 0.0037 14.7 0.0088 61.88 185.64 
Column C 09/06/19 9/6/19 8:00 48.5 2910.0 4940.0 205.8 0.0047 8.325 0.012 70.13 210.39 
Column C 09/09/19 9/9/19 8:30 72.5 4350.0 5012.5 208.9         0 
Column C 09/11/19 9/11/19 10:30 50.0 3000.0 5062.5 210.9 0.0077 13.02 0.0131 5.176 15.528 
Column C 09/13/19 9/13/19 10:45 48.2 2895.0 5110.7 212.9         0 




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Ni P Pb S SO4 
mg/L mg/L mg/L mg/L mg/L 
Column C 09/19/19 9/19/19 8:30 69.8 4190.0 5252.5 218.9         0 
Column C 09/21/19 9/21/19 10:00 49.5 2970.0 5302.0 220.9         0 
Column C 09/23/19 9/23/19 8:00 46.0 2760.0 5348.0 222.8         0 
Column C 09/25/19 9/25/19 10:30 50.5 3030.0 5398.5 224.9         0 
Column C 09/27/19 9/27/19 10:00 47.5 2850.0 5446.0 226.9         0 
Column C 09/30/19 9/30/19 13:00 75.0 4500.0 5521.0 230.0         0 
Column C 10/02/19 10/2/19 13:30 48.5 2910.0 5569.5 232.1         0 
Column C 10/05/19 10/5/19 10:00 68.5 4110.0 5638.0 234.9         0 
Column C 10/07/19 10/7/19 14:30 52.5 3150.0 5690.5 237.1         0 
Column C 10/09/19 10/9/19 13:40 47.2 2830.0 5737.7 239.1         0 




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Ni P Pb S SO4 
mg/L mg/L mg/L mg/L mg/L 
Column C 10/14/19 10/14/19 15:40 60.2 3610.0 5859.7 244.2         0 
AVERAGE PERIOD 3 0.006 16.089 0.011 56.009 33.605 
Column C 10/16/19 10/16/19 15:00 47.3 2840.0 5907.0 246.1 0.0108 12.94 0.0145 26.25 78.75 
Column C 10/18/19  10/18/19 16:00 49.0 2940.0 5956.0 248.2           
Column C 10/21/19 10/21/19 8:00 64.0 3840.0 6020.0 250.8           
Column C 10/23/19 10/23/19 8:20 48.3 2900.0 6068.3 252.8           
Column C 10/25/19 10/25/19 8:30 48.2 2890.0 6116.5 254.9           
Column C 10/28/19 10/28/19 8:10 71.7 4300.0 6188.2 257.8           
Column C 10/30/19 10/30/19 10:30 50.3 3020.0 6238.5 259.9           
Column C 11/01/19 11/1/19 8:15 45.8 2745.0 6284.3 261.8           




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Ni P Pb S SO4 
mg/L mg/L mg/L mg/L mg/L 
Column C 11/06/19 11/6/19 10:40 50.9 3055.0 6406.7 266.9           
Column C 11/08/19 11/8/19 9:00 46.3 2780.0 6453.0 268.9           
Column C 11/11/19 11/11/19 8:00 71.0 4260.0 6524.0 271.8           
Column C 11/13/19 11/13/19 14:30 54.5 3270.0 6578.5 274.1           
Column C 11/15/19 11/15/19 9:25 42.9 2575.0 6621.4 275.9           
Column C 11/18/19 11/18/19 9:30 72.1 4325.0 6693.5 278.9           
Column C 11/20/19 11/20/19 8:30 47.0 2820.0 6740.5 280.9           
Column C 11/22/19 11/22/19 8:15 47.8 2865.0 6788.3 282.8           
AVERAGE PERIOD 4 0.011 12.940 0.015 26.250 78.750 
Undiluted Feed 11/22/19 8:15 47.8 2865.0 6788.3 283 0.069 23.784 0.004 386.013 1152.029 




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Ni P Pb S SO4 
mg/L mg/L mg/L mg/L mg/L 
Column C 11/28/19 11/28/19 14:02 53.7 3224.0 6938.0 289.1         0 
Column C 11/30/19 11/30/19 10:30 44.5 2668.0 6982.5 290.9         0 
Column C 12/02/19 12/2/19 9:36 47.1 2826.0 7029.6 292.9         0 
Column C 12/04/19 12/4/19 10:30 48.9 2934.0 7078.5 294.9         0 
Column C 12/06/19 12/6/19 11:30 49.0 2940.0 7127.5 297.0         0 
Column C 12/09/19 12/9/19 8:30 69.0 4140.0 7196.5 299.9 0.0151 0.0879 0.0072 683.7 2051.1 
Column C 12/11/19 12/11/19 8:00 47.5 2850.0 7244.0 301.8         0 
Column C 12/13/19 12/13/19 11:00 51.0 3060.0 7295.0 304.0         0 
Column C 12/16/19 12/16/19 14:01 75.0 4501.0 7370.0 307.1         0 
Column C 12/18/19 12/18/19 10:21 44.3 2660.0 7414.4 308.9         0 




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Ni P Pb S SO4 
mg/L mg/L mg/L mg/L mg/L 
Column C 12/23/19 12/23/2019 9:52 72.1 4326.0 7533.9 313.9         0 
Column C 12/25/19 12/25/19 10:30 48.6 2918.0 7582.5 315.9         0 
Column C 12/27/19 12/27/19 8:32 46.0 2762.0 7628.5 317.9         0 
Column C 12/30/19 12/30/19 10:52 74.3 4460.0 7702.9 321.0         0 
Column C 01/01/20 1/1/20 12:48 49.9 2996.0 7752.8 323.0         0 
Column C 01/03/20 1/3/20 15:56 51.1 3068.0 7803.9 325.2         0 
Column C 01/06/20 1/6/20 15:34 71.6 4298.0 7875.6 328.1         0 
Column C 01/10/20 1/10/20 9:07 89.6 5373.0 7965.1 331.9         0 
Column C 01/17/20 1/17/20 13:00 171.9 10313.0 8137.0 339.0 0.1418 0.001 0.0103 516.7 1550.1 






Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Se Si Sr Zn 
mg/L mg/L mg/L mg/L 
RECIRCULATION 2/12/19 12:00 0.0 0.0 0.0 0.0         
Diluted Feed 3/9/19 13:10 601.2 36070.0 601.2 25.0 0.025 22.37 3.106 0.1398 
Column C 03/11/19 3/11/19 13:08 48.0 2878.0 649.1 27.0 0.025 88.22 8.949 0.001 
Column C 03/13/19 3/13/19 10:23 45.2 2715.0 694.4 28.9 0.025 82.28 8.849 0.001 
Column C 03/15/19 3/15/19 14:30 52.1 3127.0 746.5 31.1 0.025 95.25 11.67 0.001 
Column C 03/19/19 3/19/19 12:30 94.0 5640.0 840.5 35.0 0.025 89.91 12.17 0.001 
Column C 03/23/19 3/23/19 12:00 95.5 5730.0 936.0 39.0 0.025 91.78 13.25 0.001 
Column C 03/25/19 3/25/19 12:10 48.2 2890.0 984.2 41.0 0.025 92.88 13.03 0.001 
Column C 03/27/19 3/27/19 12:30 48.3 2900.0 1032.5 43.0 0.025 90.23 11.93 0.001 
Column C 03/30/19 3/30/19 11:53 71.4 4283.0 1103.9 46.0 0.025 94.33 12.19 0.001 




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Se Si Sr Zn 
mg/L mg/L mg/L mg/L 
Column C 04/04/19 4/4/19 11:10 41.7 2500.0 1223.2 51.0 0.025 102.3 13.53 0.001 
Column C 04/06/19 4/6/19 11:10 48.0 2880.0 1271.2 53.0 0.025 104.2 14.33 0.001 
Column C 04/09/19 4/9/19 14:14 75.1 4504.0 1346.2 56.1 0.025 72.98 10.12 0.001 
Column C 04/11/19 4/11/19 18:15 52.0 3121.0 1398.2 58.3 0.025 111.6 14.1 0.001 
Column C 04/21/19 4/21/19 18:30 56.0 3358.0 1638.5 68.3 0.025 109.9 10.28 0.0066 
Column C 04/28/19 4/28/19 16:46 166.3 9976.0 1804.8 75.2 0.025 97.5 10.06 0.0267 
Column C 05/02/19 5/2/19 14:37 93.8 5631.0 1898.6 79.1 0.025 116.5 10.95 0.0041 
Column C 05/21/19 5/21/19 11:00 86.2 5169.0 2351.0 98 0.025 129.4 9.759 0.0374 
Column C 05/27/19 5/27/19 9:30 70.5 4230.0 2493.5 103.9 0.025 97.57 11.01 0.032 
Column C 06/03/19 6/3/19 11:00 73.0 4380.0 2663.0 111.0 0.025 131.8 5.091 0.001 




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Se Si Sr Zn 
mg/L mg/L mg/L mg/L 
Column C 06/24/19 6/24/19 13:00 72.5 4350.0 3169.0 132.0 0.025 110.6 1.921 0.0175 
Column C 07/01/19 7/1/19 13:00 73.0 4380.0 3337.0 139.0 0.025 82.85 1.646 0.001 
Column C 07/19/19 7/19/19 13:00 50.0 3000.0 3769.0 157.0 0.025 110.4 1.336 0.0167 
Column C 07/22/19 7/22/19 12:30 71.5 4290.0 3840.5 160.0         
Column C 07/26/19 7/26/19 11:00 94.5 5670.0 3935.0 164.0 0.025 113.8 1.088 0.0058 
Column C 08/02/19 8/2/19 12:00 169.0 10140.0 4104.0 171.0         
Column C 08/12/19 8/12/19 14:00 242.0 14520.0 4346.0 181.1 0.025 102.6 1.35 0.0126 
AVERAGE PERIOD 1 0.025 102.242 8.775 0.007 
Column C 08/19/19 8/19/19 13:00 167.0 10020.0 4513.0 188.0 0.025 109.1 1.427 0.016 
Column C 08/21/19 8/21/19 11:00 46.0 2760.0 4559.0 190.0         




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Se Si Sr Zn 
mg/L mg/L mg/L mg/L 
Column C 08/26/19 8/26/19 9:00 72.0 4320.0 4677.0 194.9         
Column C 08/28/19 8/28/19 8:00 47.0 2820.0 4724.0 196.8         
AVERAGE PERIOD 2 0.025 105.800 1.255 0.009 
Column C 08/30/19  8/30/19 11:00 51.0 3060.0 4775.0 199.0 0.025 82.98 0.9929 0.0021 
Column C 09/02/19 9/2/19 10:30 71.5 4290.0 4846.5 201.9         
Column C 09/04/19 9/4/19 7:30 45.0 2700.0 4891.5 203.8 0.025 86.38 0.9816 0.0136 
Column C 09/06/19 9/6/19 8:00 48.5 2910.0 4940.0 205.8 0.025 83.8 2.028 0.001 
Column C 09/09/19 9/9/19 8:30 72.5 4350.0 5012.5 208.9         
Column C 09/11/19 9/11/19 10:30 50.0 3000.0 5062.5 210.9 0.025 96.59 1.193 0.001 
Column C 09/13/19 9/13/19 10:45 48.2 2895.0 5110.7 212.9         




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Se Si Sr Zn 
mg/L mg/L mg/L mg/L 
Column C 09/19/19 9/19/19 8:30 69.8 4190.0 5252.5 218.9         
Column C 09/21/19 9/21/19 10:00 49.5 2970.0 5302.0 220.9         
Column C 09/23/19 9/23/19 8:00 46.0 2760.0 5348.0 222.8         
Column C 09/25/19 9/25/19 10:30 50.5 3030.0 5398.5 224.9         
Column C 09/27/19 9/27/19 10:00 47.5 2850.0 5446.0 226.9         
Column C 09/30/19 9/30/19 13:00 75.0 4500.0 5521.0 230.0         
Column C 10/02/19 10/2/19 13:30 48.5 2910.0 5569.5 232.1         
Column C 10/05/19 10/5/19 10:00 68.5 4110.0 5638.0 234.9         
Column C 10/07/19 10/7/19 14:30 52.5 3150.0 5690.5 237.1         
Column C 10/09/19 10/9/19 13:40 47.2 2830.0 5737.7 239.1         




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Se Si Sr Zn 
mg/L mg/L mg/L mg/L 
Column C 10/14/19 10/14/19 15:40 60.2 3610.0 5859.7 244.2         
AVERAGE PERIOD 3 0.025 87.438 1.299 0.004 
Column C 10/16/19 10/16/19 15:00 47.3 2840.0 5907.0 246.1 0.025 87.92 1.764 0.0031 
Column C 10/18/19  10/18/19 16:00 49.0 2940.0 5956.0 248.2         
Column C 10/21/19 10/21/19 8:00 64.0 3840.0 6020.0 250.8         
Column C 10/23/19 10/23/19 8:20 48.3 2900.0 6068.3 252.8         
Column C 10/25/19 10/25/19 8:30 48.2 2890.0 6116.5 254.9         
Column C 10/28/19 10/28/19 8:10 71.7 4300.0 6188.2 257.8         
Column C 10/30/19 10/30/19 10:30 50.3 3020.0 6238.5 259.9         
Column C 11/01/19 11/1/19 8:15 45.8 2745.0 6284.3 261.8         




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Se Si Sr Zn 
mg/L mg/L mg/L mg/L 
Column C 11/06/19 11/6/19 10:40 50.9 3055.0 6406.7 266.9         
Column C 11/08/19 11/8/19 9:00 46.3 2780.0 6453.0 268.9         
Column C 11/11/19 11/11/19 8:00 71.0 4260.0 6524.0 271.8         
Column C 11/13/19 11/13/19 14:30 54.5 3270.0 6578.5 274.1         
Column C 11/15/19 11/15/19 9:25 42.9 2575.0 6621.4 275.9         
Column C 11/18/19 11/18/19 9:30 72.1 4325.0 6693.5 278.9         
Column C 11/20/19 11/20/19 8:30 47.0 2820.0 6740.5 280.9         
Column C 11/22/19 11/22/19 8:15 47.8 2865.0 6788.3 282.8         
AVERAGE PERIOD 4 0.025 87.920 1.764 0.003 
Undiluted Feed 11/22/19 8:15 47.8 2865.0 6788.3 283 0.018 50.060 17.092 0.018 




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Se Si Sr Zn 
mg/L mg/L mg/L mg/L 
Column C 11/28/19 11/28/19 14:02 53.7 3224.0 6938.0 289.1         
Column C 11/30/19 11/30/19 10:30 44.5 2668.0 6982.5 290.9         
Column C 12/02/19 12/2/19 9:36 47.1 2826.0 7029.6 292.9         
Column C 12/04/19 12/4/19 10:30 48.9 2934.0 7078.5 294.9         
Column C 12/06/19 12/6/19 11:30 49.0 2940.0 7127.5 297.0         
Column C 12/09/19 12/9/19 8:30 69.0 4140.0 7196.5 299.9 0.025 49.88 5.365 0.0072 
Column C 12/11/19 12/11/19 8:00 47.5 2850.0 7244.0 301.8         
Column C 12/13/19 12/13/19 11:00 51.0 3060.0 7295.0 304.0         
Column C 12/16/19 12/16/19 14:01 75.0 4501.0 7370.0 307.1         
Column C 12/18/19 12/18/19 10:21 44.3 2660.0 7414.4 308.9         




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Se Si Sr Zn 
mg/L mg/L mg/L mg/L 
Column C 12/23/19 12/23/2019 9:52 72.1 4326.0 7533.9 313.9         
Column C 12/25/19 12/25/19 10:30 48.6 2918.0 7582.5 315.9         
Column C 12/27/19 12/27/19 8:32 46.0 2762.0 7628.5 317.9         
Column C 12/30/19 12/30/19 10:52 74.3 4460.0 7702.9 321.0         
Column C 01/01/20 1/1/20 12:48 49.9 2996.0 7752.8 323.0         
Column C 01/03/20 1/3/20 15:56 51.1 3068.0 7803.9 325.2         
Column C 01/06/20 1/6/20 15:34 71.6 4298.0 7875.6 328.1         
Column C 01/10/20 1/10/20 9:07 89.6 5373.0 7965.1 331.9         
Column C 01/17/20 1/17/20 13:00 171.9 10313.0 8137.0 339.0 0.025 27.56 17.21 1.561 




Table E.4 – Chemicals concentration in effluent from Column D 
Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Al As B Ba Ca 
mg/L mg/L mg/L mg/L mg/L 
RECIRCULATION 2/12/19 12:00 0.0 0.0 0.0 0.0           
Diluted Feed 3/9/19 13:10 601.2 36070.0 601.2 25.0 0.031 0.014 0.519 0.144 164.600 
Column D 03/11/19 3/11/19 13:08 48.0 2878.0 649.1 27.0 0.001 0.022 0.455 0.898 239.1 
Column D 03/13/19 3/13/19 10:23 45.2 2715.0 694.4 28.9 0.001 0.012 0.431 0.934 284 
Column D 03/15/19 3/15/19 14:30 52.1 3127.0 746.5 31.1 0.001 0.001 0.429 1.165 341.7 
Column D 03/19/19 3/19/19 12:30 94.0 5640.0 840.5 35.0 0.001 0.001 0.374 1.132 345.1 
Column D 03/23/19 3/23/19 12:00 95.5 5730.0 936.0 39.0 0.001 0.001 0.449 1.149 363.5 
Column D 03/25/19 3/25/19 12:10 48.2 2890.0 984.2 41.0 0.001 0.001 0.398 0.82 304.3 
Column D 03/27/19 3/27/19 12:30 48.3 2900.0 1032.5 43.0 0.001 0.001 0.47 0.975 378.4 
Column D 03/30/19 3/30/19 11:53 71.4 4283.0 1103.9 46.0 0.001 0.001 0.482 0.958 379.5 




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Al As B Ba Ca 
mg/L mg/L mg/L mg/L mg/L 
Column D 04/04/19 4/4/19 11:10 41.7 2500.0 1223.2 51.0 0.001 0.001 0.527 0.898 377.4 
Column D 04/06/19 4/6/19 11:10 48.0 2880.0 1271.2 53.0 0.001 0.001 0.554 0.913 412.3 
Column D 04/09/19 4/9/19 14:14 75.1 4504.0 1346.2 56.1 0.001 0.001 0.421 0.707 358.8 
Column D 04/11/19 4/11/19 18:15 52.0 3121.0 1398.2 58.3 0.001 0.001 0.546 0.785 405.3 
Column D 04/19/19 4/19/19 10:32 184.3 11057.0 1582.5 65.9           
Column D 04/21/19 4/21/19 18:30 56.0 3358.0 1638.5 68.3 0.001 0.044 0.5188 0.6598 140.2 
Column D 04/28/19 4/28/19 16:46 166.3 9976.0 1804.8 75.2 0.0027 0.0479 0.4722 0.5894 205.7 
Column D 05/02/19 5/2/19 14:37 93.8 5631.0 1898.6 79.1 0.001 0.0492 0.5029 0.4768 277.4 
Column D 05/04/19 5/4/19 12:00 45.4 2723.0 1944.0 81.0           
Column D 05/09/19 5/9/19 18:00 126.0 7560.0 2070.0 86.3           




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Al As B Ba Ca 
mg/L mg/L mg/L mg/L mg/L 
Column D 05/21/19 5/21/19 11:00 86.2 5169.0 2351.0 98.0 0.0149 0.0301 0.4034 0.3384 359.9 
Column D 05/24/19 5/24/19 11:00 72.0 4320.0 2423.0 101.0           
Column D 05/27/19 5/27/19 9:30 70.5 4230.0 2493.5 103.9           
Column D 05/29/19 5/29/19 11:30 50.0 3000.0 2543.5 106.0           
Column D 05/31/19 5/31/19 10:00 46.5 2790.0 2590.0 107.9           
Column D 06/03/19 6/3/19 11:00 73.0 4380.0 2663.0 111.0 0.017 0.0299 0.4721 0.1674 220.3 
Column D 06/05/19 6/5/19 11:00 48.0 2880.0 2711.0 113.0           
Column D 06/07/19 6/7/19 11:00 48.0 2880.0 2759.0 115.0           
Column D 06/10/19 6/10/19 12:00 73.0 4380.0 2832.0 118.0           
Column D 06/12/19 6/12/19 11:00 47.0 2820.0 2879.0 120.0           




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Al As B Ba Ca 
mg/L mg/L mg/L mg/L mg/L 
Column D 06/17/19 6/17/19 12:00 71.0 4260.0 3000.0 125.0           
Column D 06/19/19 6/19/19 11:00 47.0 2820.0 3047.0 127.0 0.001 0.082 0.465 0.02 218.5 
Column D 06/21/19 6/21/19 12:30 49.5 2970.0 3096.5 129.0           
Column D 06/24/19 6/24/19 13:00 72.5 4350.0 3169.0 132.0           
Column D 06/26/19 6/26/19 12:00 47.0 2820.0 3216.0 134.0           
Column D 06/28/19 6/28/19 12:00 48.0 2880.0 3264.0 136.0           
Column D 07/01/19 7/1/19 13:00 73.0 4380.0 3337.0 139.0           
Column D 07/03/19 7/3/19 8:30 43.5 2610.0 3380.5 140.9           
Column D 07/05/19 7/5/19 10:20 49.8 2990.0 3430.3 142.9           
Column D 07/08/19 7/8/19 12:30 74.2 4450.0 3504.5 146.0           




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Al As B Ba Ca 
mg/L mg/L mg/L mg/L mg/L 
Column D 07/12/19 7/12/19 13:00 49.0 2940.0 3601.0 150.0           
Column D 07/15/19 7/15/19 11:00 70.0 4200.0 3671.0 153.0           
Column D 07/17/19 7/17/19 11:00 48.0 2880.0 3719.0 155.0           
Column D 07/19/19 7/19/19 13:00 50.0 3000.0 3769.0 157.0 0.001 0.0499 0.528 0.0268 171.1 
Column D 07/22/19 7/22/19 12:30 71.5 4290.0 3840.5 160.0           
Column D 07/26/19 7/26/19 11:00 94.5 5670.0 3935.0 164.0           
Column D 08/02/19 8/2/19 12:00 169.0 10140.0 4104.0 171.0           
Column D 08/12/19 8/12/2019 14:00 242.0 14520.0 4346.0 181.1 0.001 0.0856 0.5065 0.035 153.8 
AVERAGE PERIOD 1 0.002 0.023 0.467 0.669 295.264 
Column D 08/19/19 8/19/19 13:00 167.0 10020.0 4513.0 188.0 0.001 0.0639 0.4866 0.0194 105.7 




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Al As B Ba Ca 
mg/L mg/L mg/L mg/L mg/L 
Column D 08/23/19 8/23/19 9:00 46.0 2760.0 4605.0 191.9 0.0033 0.0651 0.4535 0.0235 90.51 
Column D 08/26/19 8/26/19 9:00 72.0 4320.0 4677.0 194.9           
Column D 08/28/19 8/28/19 8:00 47.0 2820.0 4724.0 196.8           
AVERAGE PERIOD 2 0.002 0.065 0.470 0.021 98.105 
Column D 08/30/19  8/30/19 11:00 51.0 3060.0 4775.0 199.0 0.0119 0.0363 0.504 0.0554 117.9 
Column D 09/02/19 9/2/19 10:30 71.5 4290.0 4846.5 201.9           
Column D 09/04/19 9/4/19 7:30 45.0 2700.0 4891.5 203.8 0.0151 0.0472 0.4989 0.0681 118.5 
Column D 09/06/19 9/6/19 8:00 48.5 2910.0 4940.0 205.8 0.001 0.0312 0.3569 0.0051 89.51 
Column D 09/09/19 9/9/19 8:30 72.5 4350.0 5012.5 208.9           
Column D 09/11/19 9/11/19 10:30 50.0 3000.0 5062.5 210.9 0.0085 0.0663 0.498 0.0699 116.7 




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Al As B Ba Ca 
mg/L mg/L mg/L mg/L mg/L 
Column D 09/16/19 9/16/19 10:40 71.9 4315.0 5182.7 215.9           
Column D 09/19/19 9/19/19 8:30 69.8 4190.0 5252.5 218.9           
Column D 09/21/19 9/21/19 10:00 49.5 2970.0 5302.0 220.9           
Column D 09/23/19 9/23/19 8:00 46.0 2760.0 5348.0 222.8           
Column D 09/25/19 9/25/19 10:30 50.5 3030.0 5398.5 224.9           
Column D 09/27/19 9/27/19 10:00 47.5 2850.0 5446.0 226.9           
Column D 09/30/19 9/30/19 13:00 75.0 4500.0 5521.0 230.0           
Column D 10/02/19 10/2/19 13:30 48.5 2910.0 5569.5 232.1           
Column D 10/05/19 10/5/19 10:00 68.5 4110.0 5638.0 234.9           
Column D 10/07/19 10/7/19 14:30 52.5 3150.0 5690.5 237.1           




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Al As B Ba Ca 
mg/L mg/L mg/L mg/L mg/L 
Column D 10/12/19  10/12/19 3:30 61.8 3710.0 5799.5 241.6           
Column D 10/14/19 10/14/19 15:40 60.2 3610.0 5859.7 244.2           
AVERAGE PERIOD 3 0.009 0.045 0.464 0.050 110.653 
Column D 10/16/19 10/16/19 15:00 47.3 2840.0 5907.0 246.1 0.0062 0.0174 0.0717 0.0036 140.8 
Column D 10/18/19  10/18/19 16:00 49.0 2940.0 5956.0 248.2           
Column D 10/21/19 10/21/19 8:00 64.0 3840.0 6020.0 250.8           
Column D 10/23/19 10/23/19 8:20 48.3 2900.0 6068.3 252.8           
Column D 10/25/19 10/25/19 8:30 48.2 2890.0 6116.5 254.9           
Column D 10/28/19 10/28/19 8:10 71.7 4300.0 6188.2 257.8           
Column D 10/30/19  10/30/19 10:30 50.3 3020.0 6238.5 259.9           




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Al As B Ba Ca 
mg/L mg/L mg/L mg/L mg/L 
Column D 11/04/19 11/4/19 7:45 71.5 4290.0 6355.7 264.8           
Column D 11/06/19 11/6/19 10:40 50.9 3055.0 6406.7 266.9           
Column D 11/08/19 11/8/19 9:00 46.3 2780.0 6453.0 268.9           
Column D 11/11/19 11/11/19 8:00 71.0 4260.0 6524.0 271.8           
Column D 11/13/19 11/13/19 14:30 54.5 3270.0 6578.5 274.1           
Column D 11/15/19 11/15/19 9:25 42.9 2575.0 6621.4 275.9           
Column D 11/18/19 11/18/19 9:30 72.1 4325.0 6693.5 278.9           
Column D 11/20/19 11/20/19 8:30 47.0 2820.0 6740.5 280.9           
Column D 11/22/19 11/22/19 8:15 47.8 2865.0 6788.3 282.8           
Column D 11/26/19 11/26/19 8:18 96.0 5763.0 6884.3 286.8           




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Al As B Ba Ca 
mg/L mg/L mg/L mg/L mg/L 
Column D 11/30/19 11/30/19 10:30 44.5 2668.0 6982.5 290.9           
Column D 12/02/19 12/2/19 9:36 47.1 2826.0 7029.6 292.9           
Column D 12/04/19 12/4/19 10:30 48.9 2934.0 7078.5 294.9           
Column D 12/06/19 12/6/19 11:30 49.0 2940.0 7127.5 297.0           
Column D 12/09/19 12/9/19 8:30 69.0 4140.0 7196.5 299.9           
Column D 12/11/19 12/11/19 8:00 47.5 2850.0 7244.0 301.8           
Column D 12/13/19 12/13/19 11:00 51.0 3060.0 7295.0 304.0           
Column D 12/16/19 12/16/19 14:01 75.0 4501.0 7370.0 307.1           
Column D 12/18/19 12/18/19 10:21 44.3 2660.0 7414.4 308.9           
Column D 12/20/19 12/20/19 9:46 47.4 2845.0 7461.8 310.9           




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Al As B Ba Ca 
mg/L mg/L mg/L mg/L mg/L 
Column D 12/25/19 12/25/19 10:30 48.6 2918.0 7582.5 315.9           
Column D 12/27/19 12/27/19 8:32 46.0 2762.0 7628.5 317.9           
Column D 12/30/19 12/30/19 10:52 74.3 4460.0 7702.9 321.0           
Column D 01/01/20 1/1/20 12:48 49.9 2996.0 7752.8 323.0           
Column D 01/03/20 1/3/20 15:56 51.1 3068.0 7803.9 325.2           
Column D 01/06/20 1/6/20 15:34 71.6 4298.0 7875.6 328.1           
Column D 01/10/20 1/10/20 9:07 89.6 5373.0 7965.1 331.9           
Column D 01/17/20 1/17/20 13:00 171.9 10313.0 8137.0 339.0           
Column D 01/20/20 1/20/20 11:00 70.0 4200.0 8207.0 342.0           
Column D 01/22/20 1/22/20 11:00 48.0 2880.0 8255.0 344.0           




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Al As B Ba Ca 
mg/L mg/L mg/L mg/L mg/L 
Column D 01/27/20 1/27/20 14:00 75.0 4500.0 8378.0 349.1           
Column D 01/31/20 1/31/20 8:40 90.7 5440.0 8468.7 352.9           
Column D 02/04/20 2/4/20 15:35 102.9 6175.0 8571.6 357.1           
Column D 02/07/20 2/7/20 8:20 64.7 3885.0 8636.3 359.8           
Column D 02/11/20 2/11/20 14:00 101.7 6100.0 8738.0 364.1           
Column D 02/14/20 2/14/20 11:10 69.2 4150.0 8807.2 367.0           
Column D 02/18/20 2/18/20 15:12 100.0 6002.0 8907.2 371.1           
Column D 02/21/20 2/21/20 11:00 67.8 4068.0 8975.0 374.0           
Column D 02/25/20 2/25/20 14:00 99.0 5940.0 9074.0 378.1           
End of Test 02/28/20 2/28/20 14:30 72.5 4350.0 9146.5 381.1           




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Al As B Ba Ca 
mg/L mg/L mg/L mg/L mg/L 
Undiluted Feed 11/22/19 8:15 47.8 2865.0 6788.3 283 0.007 0.032 1.458 0.049 612.563 
 
 
Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Cd Co Cr Cu Fe 
mg/L mg/L mg/L mg/L mg/L 
RECIRCULATION 2/12/19 12:00 0.0 0.0 0.0 0.0           
Diluted Feed 3/9/19 13:10 601.2 36070.0 601.2 25.0 0.001 0.002 2.649 0.029 0.691 
Column D 03/11/19 3/11/19 13:08 48.0 2878.0 649.1 27.0 0.001 0.001 0.057 0.055 0.001 
Column D 03/13/19 3/13/19 10:23 45.2 2715.0 694.4 28.9 0.001 0.001 0.066 0.001 0.001 
Column D 03/15/19 3/15/19 14:30 52.1 3127.0 746.5 31.1 0.001 0.001 0.101 0.082 0.001 




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Cd Co Cr Cu Fe 
mg/L mg/L mg/L mg/L mg/L 
Column D 03/23/19 3/23/19 12:00 95.5 5730.0 936.0 39.0 0.001 0.001 0.11 0.094 0.001 
Column D 03/25/19 3/25/19 12:10 48.2 2890.0 984.2 41.0 0.001 0.001 0.059 0.102 0.001 
Column D 03/27/19 3/27/19 12:30 48.3 2900.0 1032.5 43.0 0.001 0.001 0.166 0.001 0.001 
Column D 03/30/19 3/30/19 11:53 71.4 4283.0 1103.9 46.0 0.001 0.001 0.192 0.068 0.001 
Column D 04/02/19 4/2/19 17:30 77.6 4657.0 1181.5 49.2 0.001 0.001 0.137 0.068 0.001 
Column D 04/04/19 4/4/19 11:10 41.7 2500.0 1223.2 51.0 0.001 0.001 0.187 0.11 0.001 
Column D 04/06/19 4/6/19 11:10 48.0 2880.0 1271.2 53.0 0.001 0.001 0.192 0.001 0.001 
Column D 04/09/19 4/9/19 14:14 75.1 4504.0 1346.2 56.1 0.001 0.001 0.155 0.087 0.001 
Column D 04/11/19 4/11/19 18:15 52.0 3121.0 1398.2 58.3 0.001 0.001 0.2 0.068 0.001 
Column D 04/19/19 4/19/19 10:32 184.3 11057.0 1582.5 65.9           




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Cd Co Cr Cu Fe 
mg/L mg/L mg/L mg/L mg/L 
Column D 04/28/19 4/28/19 16:46 166.3 9976.0 1804.8 75.2 0.001 0.0025 0.231 0.3674 0.0033 
Column D 05/02/19 5/2/19 14:37 93.8 5631.0 1898.6 79.1 0.001 0.0032 0.2056 0.6146 0.001 
Column D 05/04/19 5/4/19 12:00 45.4 2723.0 1944.0 81.0           
Column D 05/09/19 5/9/19 18:00 126.0 7560.0 2070.0 86.3           
Column D 05/17/19 5/17/19 20:51 194.9 11691.0 2264.9 94.4 0.001 0.0025 0.2744 0.3241 0.001 
Column D 05/21/19 5/21/19 11:00 86.2 5169.0 2351.0 98.0 0.001 0.0021 0.5715 0.2809 0.0193 
Column D 05/24/19 5/24/19 11:00 72.0 4320.0 2423.0 101.0           
Column D 05/27/19 5/27/19 9:30 70.5 4230.0 2493.5 103.9           
Column D 05/29/19 5/29/19 11:30 50.0 3000.0 2543.5 106.0           
Column D 05/31/19 5/31/19 10:00 46.5 2790.0 2590.0 107.9           




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Cd Co Cr Cu Fe 
mg/L mg/L mg/L mg/L mg/L 
Column D 06/05/19 6/5/19 11:00 48.0 2880.0 2711.0 113.0           
Column D 06/07/19 6/7/19 11:00 48.0 2880.0 2759.0 115.0           
Column D 06/10/19 6/10/19 12:00 73.0 4380.0 2832.0 118.0           
Column D 06/12/19 6/12/19 11:00 47.0 2820.0 2879.0 120.0           
Column D 06/14/19 6/14/19 13:00 50.0 3000.0 2929.0 122.0           
Column D 06/17/19 6/17/19 12:00 71.0 4260.0 3000.0 125.0           
Column D 06/19/19 6/19/19 11:00 47.0 2820.0 3047.0 127.0 0.001 0.001 0.099 0.001 0.001 
Column D 06/21/19 6/21/19 12:30 49.5 2970.0 3096.5 129.0           
Column D 06/24/19 6/24/19 13:00 72.5 4350.0 3169.0 132.0           
Column D 06/26/19 6/26/19 12:00 47.0 2820.0 3216.0 134.0           




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Cd Co Cr Cu Fe 
mg/L mg/L mg/L mg/L mg/L 
Column D 07/01/19 7/1/19 13:00 73.0 4380.0 3337.0 139.0           
Column D 07/03/19 7/3/19 8:30 43.5 2610.0 3380.5 140.9           
Column D 07/05/19 7/5/19 10:20 49.8 2990.0 3430.3 142.9           
Column D 07/08/19 7/8/19 12:30 74.2 4450.0 3504.5 146.0           
Column D 07/10/19 7/10/19 12:00 47.5 2850.0 3552.0 148.0           
Column D 07/12/19 7/12/19 13:00 49.0 2940.0 3601.0 150.0           
Column D 07/15/19 7/15/19 11:00 70.0 4200.0 3671.0 153.0           
Column D 07/17/19 7/17/19 11:00 48.0 2880.0 3719.0 155.0           
Column D 07/19/19 7/19/19 13:00 50.0 3000.0 3769.0 157.0 0.001 0.0021 0.1486 0.0035 0.0424 
Column D 07/22/19 7/22/19 12:30 71.5 4290.0 3840.5 160.0           




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Cd Co Cr Cu Fe 
mg/L mg/L mg/L mg/L mg/L 
Column D 08/02/19 8/2/19 12:00 169.0 10140.0 4104.0 171.0           
Column D 08/12/19 8/12/2019 14:00 242.0 14520.0 4346.0 181.1 0.001 0.001 0.1588 0.001 0.0869 
AVERAGE PERIOD 1 0.001 0.002 0.193 0.129 0.010 
Column D 08/19/19 8/19/19 13:00 167.0 10020.0 4513.0 188.0 0.001 0.001 0.1124 0.001 0.0157 
Column D 08/21/19 8/21/19 11:00 46.0 2760.0 4559.0 190.0           
Column D 08/23/19 8/23/19 9:00 46.0 2760.0 4605.0 191.9 0.001 0.001 0.072 0.0012 0.001 
Column D 08/26/19 8/26/19 9:00 72.0 4320.0 4677.0 194.9           
Column D 08/28/19 8/28/19 8:00 47.0 2820.0 4724.0 196.8           
AVERAGE PERIOD 2 0.001 0.001 0.092 0.001 0.008 
Column D 08/30/19  8/30/19 11:00 51.0 3060.0 4775.0 199.0 0.001 0.001 0.3466 0.001 0.5582 




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Cd Co Cr Cu Fe 
mg/L mg/L mg/L mg/L mg/L 
Column D 09/04/19 9/4/19 7:30 45.0 2700.0 4891.5 203.8 0.001 0.001 0.1999 0.003 0.18 
Column D 09/06/19 9/6/19 8:00 48.5 2910.0 4940.0 205.8 0.001 0.0011 0.1123 0.001 0.001 
Column D 09/09/19 9/9/19 8:30 72.5 4350.0 5012.5 208.9           
Column D 09/11/19 9/11/19 10:30 50.0 3000.0 5062.5 210.9 0.001 0.001 0.2429 0.001 0.1967 
Column D 09/13/19 9/13/19 10:45 48.2 2895.0 5110.7 212.9           
Column D 09/16/19 9/16/19 10:40 71.9 4315.0 5182.7 215.9           
Column D 09/19/19 9/19/19 8:30 69.8 4190.0 5252.5 218.9           
Column D 09/21/19 9/21/19 10:00 49.5 2970.0 5302.0 220.9           
Column D 09/23/19 9/23/19 8:00 46.0 2760.0 5348.0 222.8           
Column D 09/25/19 9/25/19 10:30 50.5 3030.0 5398.5 224.9           




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Cd Co Cr Cu Fe 
mg/L mg/L mg/L mg/L mg/L 
Column D 09/30/19 9/30/19 13:00 75.0 4500.0 5521.0 230.0           
Column D 10/02/19 10/2/19 13:30 48.5 2910.0 5569.5 232.1           
Column D 10/05/19 10/5/19 10:00 68.5 4110.0 5638.0 234.9           
Column D 10/07/19 10/7/19 14:30 52.5 3150.0 5690.5 237.1           
Column D 10/09/19 10/9/19 13:40 47.2 2830.0 5737.7 239.1           
Column D 10/12/19  10/12/19 3:30 61.8 3710.0 5799.5 241.6           
Column D 10/14/19 10/14/19 15:40 60.2 3610.0 5859.7 244.2           
AVERAGE PERIOD 3 0.001 0.001 0.225 0.002 0.234 
Column D 10/16/19 10/16/19 15:00 47.3 2840.0 5907.0 246.1 0.001 0.001 0.1443 0.001 0.0178 
Column D 10/18/19  10/18/19 16:00 49.0 2940.0 5956.0 248.2           




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Cd Co Cr Cu Fe 
mg/L mg/L mg/L mg/L mg/L 
Column D 10/23/19 10/23/19 8:20 48.3 2900.0 6068.3 252.8           
Column D 10/25/19 10/25/19 8:30 48.2 2890.0 6116.5 254.9           
Column D 10/28/19 10/28/19 8:10 71.7 4300.0 6188.2 257.8           
Column D 10/30/19  10/30/19 10:30 50.3 3020.0 6238.5 259.9           
Column D 11/01/19 11/1/19 8:15 45.8 2745.0 6284.3 261.8           
Column D 11/04/19 11/4/19 7:45 71.5 4290.0 6355.7 264.8           
Column D 11/06/19 11/6/19 10:40 50.9 3055.0 6406.7 266.9           
Column D 11/08/19 11/8/19 9:00 46.3 2780.0 6453.0 268.9           
Column D 11/11/19 11/11/19 8:00 71.0 4260.0 6524.0 271.8           
Column D 11/13/19 11/13/19 14:30 54.5 3270.0 6578.5 274.1           




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Cd Co Cr Cu Fe 
mg/L mg/L mg/L mg/L mg/L 
Column D 11/18/19 11/18/19 9:30 72.1 4325.0 6693.5 278.9           
Column D 11/20/19 11/20/19 8:30 47.0 2820.0 6740.5 280.9           
Column D 11/22/19 11/22/19 8:15 47.8 2865.0 6788.3 282.8           
Column D 11/26/19 11/26/19 8:18 96.0 5763.0 6884.3 286.8           
Column D 11/28/19 11/28/19 14:02 53.7 3224.0 6938.0 289.1           
Column D 11/30/19 11/30/19 10:30 44.5 2668.0 6982.5 290.9           
Column D 12/02/19 12/2/19 9:36 47.1 2826.0 7029.6 292.9           
Column D 12/04/19 12/4/19 10:30 48.9 2934.0 7078.5 294.9           
Column D 12/06/19 12/6/19 11:30 49.0 2940.0 7127.5 297.0           
Column D 12/09/19 12/9/19 8:30 69.0 4140.0 7196.5 299.9           




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Cd Co Cr Cu Fe 
mg/L mg/L mg/L mg/L mg/L 
Column D 12/13/19 12/13/19 11:00 51.0 3060.0 7295.0 304.0           
Column D 12/16/19 12/16/19 14:01 75.0 4501.0 7370.0 307.1           
Column D 12/18/19 12/18/19 10:21 44.3 2660.0 7414.4 308.9           
Column D 12/20/19 12/20/19 9:46 47.4 2845.0 7461.8 310.9           
Column D 12/23/19 12/23/2019 9:52 72.1 4326.0 7533.9 313.9           
Column D 12/25/19 12/25/19 10:30 48.6 2918.0 7582.5 315.9           
Column D 12/27/19 12/27/19 8:32 46.0 2762.0 7628.5 317.9           
Column D 12/30/19 12/30/19 10:52 74.3 4460.0 7702.9 321.0           
Column D 01/01/20 1/1/20 12:48 49.9 2996.0 7752.8 323.0           
Column D 01/03/20 1/3/20 15:56 51.1 3068.0 7803.9 325.2           




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Cd Co Cr Cu Fe 
mg/L mg/L mg/L mg/L mg/L 
Column D 01/10/20 1/10/20 9:07 89.6 5373.0 7965.1 331.9           
Column D 01/17/20 1/17/20 13:00 171.9 10313.0 8137.0 339.0           
Column D 01/20/20 1/20/20 11:00 70.0 4200.0 8207.0 342.0           
Column D 01/22/20 1/22/20 11:00 48.0 2880.0 8255.0 344.0           
Column D 01/24/20 1/24/20 11:00 48.0 2880.0 8303.0 346.0           
Column D 01/27/20 1/27/20 14:00 75.0 4500.0 8378.0 349.1           
Column D 01/31/20 1/31/20 8:40 90.7 5440.0 8468.7 352.9           
Column D 02/04/20 2/4/20 15:35 102.9 6175.0 8571.6 357.1           
Column D 02/07/20 2/7/20 8:20 64.7 3885.0 8636.3 359.8           
Column D 02/11/20 2/11/20 14:00 101.7 6100.0 8738.0 364.1           




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Cd Co Cr Cu Fe 
mg/L mg/L mg/L mg/L mg/L 
Column D 02/18/20 2/18/20 15:12 100.0 6002.0 8907.2 371.1           
Column D 02/21/20 2/21/20 11:00 67.8 4068.0 8975.0 374.0           
Column D 02/25/20 2/25/20 14:00 99.0 5940.0 9074.0 378.1           
End of Test 02/28/20 2/28/20 14:30 72.5 4350.0 9146.5 381.1           
AVERAGE PERIOD 4 0.001 0.001 0.144 0.001 0.018 






Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
K Mg Mn Mo Na 
mg/L mg/L mg/L mg/L mg/L 
RECIRCULATION 2/12/19 12:00 0.0 0.0 0.0 0.0           
Diluted Feed 3/9/19 13:10 601.2 36070.0 601.2 25.0 57.610 58.310 0.077 0.009 549.900 
Column D 03/11/19 3/11/19 13:08 48.0 2878.0 649.1 27.0 73.39 198.2 0.001 0.001 1277 
Column D 03/13/19 3/13/19 10:23 45.2 2715.0 694.4 28.9 66.89 190 0.015 0.001 1210 
Column D 03/15/19 3/15/19 14:30 52.1 3127.0 746.5 31.1 70.7 221.8 0.051 0.001 1344 
Column D 03/19/19 3/19/19 12:30 94.0 5640.0 840.5 35.0 67.27 228.2 0.04 0.001 1320 
Column D 03/23/19 3/23/19 12:00 95.5 5730.0 936.0 39.0 74.88 256.2 0.071 0.001 1460 
Column D 03/25/19 3/25/19 12:10 48.2 2890.0 984.2 41.0 67.62 220.9 0.016 0.001 1284 
Column D 03/27/19 3/27/19 12:30 48.3 2900.0 1032.5 43.0 74.19 241.6 0.07 0.001 1510 
Column D 03/30/19 3/30/19 11:53 71.4 4283.0 1103.9 46.0 67.21 244.6 0.112 0.001 1527 




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
K Mg Mn Mo Na 
mg/L mg/L mg/L mg/L mg/L 
Column D 04/04/19 4/4/19 11:10 41.7 2500.0 1223.2 51.0 65.12 268 0.174 0.001 1542 
Column D 04/06/19 4/6/19 11:10 48.0 2880.0 1271.2 53.0 68 285.7 0.176 0.001 1591 
Column D 04/09/19 4/9/19 14:14 75.1 4504.0 1346.2 56.1 49.52 221.1 0.16 0.001 1173 
Column D 04/11/19 4/11/19 18:15 52.0 3121.0 1398.2 58.3 67.53 308.1 0.172 0.001 1609 
Column D 04/19/19 4/19/19 10:32 184.3 11057.0 1582.5 65.9           
Column D 04/21/19 4/21/19 18:30 56.0 3358.0 1638.5 68.3 55.58 292 0.2952 0.0206 1548 
Column D 04/28/19 4/28/19 16:46 166.3 9976.0 1804.8 75.2 49.95 271.9 0.3072 0.0246 1601 
Column D 05/02/19 5/2/19 14:37 93.8 5631.0 1898.6 79.1 55.42 310 0.2511 0.0268 1563 
Column D 05/04/19 5/4/19 12:00 45.4 2723.0 1944.0 81.0           
Column D 05/09/19 5/9/19 18:00 126.0 7560.0 2070.0 86.3           




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
K Mg Mn Mo Na 
mg/L mg/L mg/L mg/L mg/L 
Column D 05/21/19 5/21/19 11:00 86.2 5169.0 2351.0 98.0 51.36 227.3 0.4045 0.0117 1163 
Column D 05/24/19 5/24/19 11:00 72.0 4320.0 2423.0 101.0           
Column D 05/27/19 5/27/19 9:30 70.5 4230.0 2493.5 103.9           
Column D 05/29/19 5/29/19 11:30 50.0 3000.0 2543.5 106.0           
Column D 05/31/19 5/31/19 10:00 46.5 2790.0 2590.0 107.9           
Column D 06/03/19 6/3/19 11:00 73.0 4380.0 2663.0 111.0 44.84 125.8 0.3759 0.0154 507.8 
Column D 06/05/19 6/5/19 11:00 48.0 2880.0 2711.0 113.0           
Column D 06/07/19 6/7/19 11:00 48.0 2880.0 2759.0 115.0           
Column D 06/10/19 6/10/19 12:00 73.0 4380.0 2832.0 118.0           
Column D 06/12/19 6/12/19 11:00 47.0 2820.0 2879.0 120.0           




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
K Mg Mn Mo Na 
mg/L mg/L mg/L mg/L mg/L 
Column D 06/17/19 6/17/19 12:00 71.0 4260.0 3000.0 125.0           
Column D 06/19/19 6/19/19 11:00 47.0 2820.0 3047.0 127.0 58.95 134.3 0.1 0.001 440.4 
Column D 06/21/19 6/21/19 12:30 49.5 2970.0 3096.5 129.0           
Column D 06/24/19 6/24/19 13:00 72.5 4350.0 3169.0 132.0           
Column D 06/26/19 6/26/19 12:00 47.0 2820.0 3216.0 134.0           
Column D 06/28/19 6/28/19 12:00 48.0 2880.0 3264.0 136.0           
Column D 07/01/19 7/1/19 13:00 73.0 4380.0 3337.0 139.0           
Column D 07/03/19 7/3/19 8:30 43.5 2610.0 3380.5 140.9           
Column D 07/05/19 7/5/19 10:20 49.8 2990.0 3430.3 142.9           
Column D 07/08/19 7/8/19 12:30 74.2 4450.0 3504.5 146.0           




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
K Mg Mn Mo Na 
mg/L mg/L mg/L mg/L mg/L 
Column D 07/12/19 7/12/19 13:00 49.0 2940.0 3601.0 150.0           
Column D 07/15/19 7/15/19 11:00 70.0 4200.0 3671.0 153.0           
Column D 07/17/19 7/17/19 11:00 48.0 2880.0 3719.0 155.0           
Column D 07/19/19 7/19/19 13:00 50.0 3000.0 3769.0 157.0 55 129.4 0.2181 0.0018 411.2 
Column D 07/22/19 7/22/19 12:30 71.5 4290.0 3840.5 160.0           
Column D 07/26/19 7/26/19 11:00 94.5 5670.0 3935.0 164.0           
Column D 08/02/19 8/2/19 12:00 169.0 10140.0 4104.0 171.0           
Column D 08/12/19 8/12/2019 14:00 242.0 14520.0 4346.0 181.1 45.52 96.61 0.2041 0.0014 346.7 
AVERAGE PERIOD 1 60.379 222.000 0.157 0.006 1232.641 
Column D 08/19/19 8/19/19 13:00 167.0 10020.0 4513.0 188.0 47.75 69 0.0534 0.001 329.3 




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
K Mg Mn Mo Na 
mg/L mg/L mg/L mg/L mg/L 
Column D 08/23/19 8/23/19 9:00 46.0 2760.0 4605.0 191.9 37.49 49.68 0.082 0.001 277.3 
Column D 08/26/19 8/26/19 9:00 72.0 4320.0 4677.0 194.9           
Column D 08/28/19 8/28/19 8:00 47.0 2820.0 4724.0 196.8           
AVERAGE PERIOD 2 42.620 59.340 0.068 0.001 303.300 
Column D 08/30/19  8/30/19 11:00 51.0 3060.0 4775.0 199.0 32.4 56.67 0.2486 0.001 431.3 
Column D 09/02/19 9/2/19 10:30 71.5 4290.0 4846.5 201.9           
Column D 09/04/19 9/4/19 7:30 45.0 2700.0 4891.5 203.8 37.57 64.94 0.2317 0.001 432 
Column D 09/06/19 9/6/19 8:00 48.5 2910.0 4940.0 205.8 37.67 69.86 0.0223 0.0019 520.2 
Column D 09/09/19 9/9/19 8:30 72.5 4350.0 5012.5 208.9           
Column D 09/11/19 9/11/19 10:30 50.0 3000.0 5062.5 210.9 36.14 62.36 0.2604 0.001 437.5 




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
K Mg Mn Mo Na 
mg/L mg/L mg/L mg/L mg/L 
Column D 09/16/19 9/16/19 10:40 71.9 4315.0 5182.7 215.9           
Column D 09/19/19 9/19/19 8:30 69.8 4190.0 5252.5 218.9           
Column D 09/21/19 9/21/19 10:00 49.5 2970.0 5302.0 220.9           
Column D 09/23/19 9/23/19 8:00 46.0 2760.0 5348.0 222.8           
Column D 09/25/19 9/25/19 10:30 50.5 3030.0 5398.5 224.9           
Column D 09/27/19 9/27/19 10:00 47.5 2850.0 5446.0 226.9           
Column D 09/30/19 9/30/19 13:00 75.0 4500.0 5521.0 230.0           
Column D 10/02/19 10/2/19 13:30 48.5 2910.0 5569.5 232.1           
Column D 10/05/19 10/5/19 10:00 68.5 4110.0 5638.0 234.9           
Column D 10/07/19 10/7/19 14:30 52.5 3150.0 5690.5 237.1           




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
K Mg Mn Mo Na 
mg/L mg/L mg/L mg/L mg/L 
Column D 10/12/19  10/12/19 3:30 61.8 3710.0 5799.5 241.6           
Column D 10/14/19 10/14/19 15:40 60.2 3610.0 5859.7 244.2           
AVERAGE PERIOD 3 35.945 63.458 0.191 0.001 455.250 
Column D 10/16/19 10/16/19 15:00 47.3 2840.0 5907.0 246.1 17.44 26.07 0.0402 0.0018 470.3 
Column D 10/18/19  10/18/19 16:00 49.0 2940.0 5956.0 248.2           
Column D 10/21/19 10/21/19 8:00 64.0 3840.0 6020.0 250.8           
Column D 10/23/19 10/23/19 8:20 48.3 2900.0 6068.3 252.8           
Column D 10/25/19 10/25/19 8:30 48.2 2890.0 6116.5 254.9           
Column D 10/28/19 10/28/19 8:10 71.7 4300.0 6188.2 257.8           
Column D 10/30/19  10/30/19 10:30 50.3 3020.0 6238.5 259.9           




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
K Mg Mn Mo Na 
mg/L mg/L mg/L mg/L mg/L 
Column D 11/04/19 11/4/19 7:45 71.5 4290.0 6355.7 264.8           
Column D 11/06/19 11/6/19 10:40 50.9 3055.0 6406.7 266.9           
Column D 11/08/19 11/8/19 9:00 46.3 2780.0 6453.0 268.9           
Column D 11/11/19 11/11/19 8:00 71.0 4260.0 6524.0 271.8           
Column D 11/13/19 11/13/19 14:30 54.5 3270.0 6578.5 274.1           
Column D 11/15/19 11/15/19 9:25 42.9 2575.0 6621.4 275.9           
Column D 11/18/19 11/18/19 9:30 72.1 4325.0 6693.5 278.9           
Column D 11/20/19 11/20/19 8:30 47.0 2820.0 6740.5 280.9           
Column D 11/22/19 11/22/19 8:15 47.8 2865.0 6788.3 282.8           
Column D 11/26/19 11/26/19 8:18 96.0 5763.0 6884.3 286.8           




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
K Mg Mn Mo Na 
mg/L mg/L mg/L mg/L mg/L 
Column D 11/30/19 11/30/19 10:30 44.5 2668.0 6982.5 290.9           
Column D 12/02/19 12/2/19 9:36 47.1 2826.0 7029.6 292.9           
Column D 12/04/19 12/4/19 10:30 48.9 2934.0 7078.5 294.9           
Column D 12/06/19 12/6/19 11:30 49.0 2940.0 7127.5 297.0           
Column D 12/09/19 12/9/19 8:30 69.0 4140.0 7196.5 299.9           
Column D 12/11/19 12/11/19 8:00 47.5 2850.0 7244.0 301.8           
Column D 12/13/19 12/13/19 11:00 51.0 3060.0 7295.0 304.0           
Column D 12/16/19 12/16/19 14:01 75.0 4501.0 7370.0 307.1           
Column D 12/18/19 12/18/19 10:21 44.3 2660.0 7414.4 308.9           
Column D 12/20/19 12/20/19 9:46 47.4 2845.0 7461.8 310.9           




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
K Mg Mn Mo Na 
mg/L mg/L mg/L mg/L mg/L 
Column D 12/25/19 12/25/19 10:30 48.6 2918.0 7582.5 315.9           
Column D 12/27/19 12/27/19 8:32 46.0 2762.0 7628.5 317.9           
Column D 12/30/19 12/30/19 10:52 74.3 4460.0 7702.9 321.0           
Column D 01/01/20 1/1/20 12:48 49.9 2996.0 7752.8 323.0           
Column D 01/03/20 1/3/20 15:56 51.1 3068.0 7803.9 325.2           
Column D 01/06/20 1/6/20 15:34 71.6 4298.0 7875.6 328.1           
Column D 01/10/20 1/10/20 9:07 89.6 5373.0 7965.1 331.9           
Column D 01/17/20 1/17/20 13:00 171.9 10313.0 8137.0 339.0           
Column D 01/20/20 1/20/20 11:00 70.0 4200.0 8207.0 342.0           
Column D 01/22/20 1/22/20 11:00 48.0 2880.0 8255.0 344.0           




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
K Mg Mn Mo Na 
mg/L mg/L mg/L mg/L mg/L 
Column D 01/27/20 1/27/20 14:00 75.0 4500.0 8378.0 349.1           
Column D 01/31/20 1/31/20 8:40 90.7 5440.0 8468.7 352.9           
Column D 02/04/20 2/4/20 15:35 102.9 6175.0 8571.6 357.1           
Column D 02/07/20 2/7/20 8:20 64.7 3885.0 8636.3 359.8           
Column D 02/11/20 2/11/20 14:00 101.7 6100.0 8738.0 364.1           
Column D 02/14/20 2/14/20 11:10 69.2 4150.0 8807.2 367.0           
Column D 02/18/20 2/18/20 15:12 100.0 6002.0 8907.2 371.1           
Column D 02/21/20 2/21/20 11:00 67.8 4068.0 8975.0 374.0           
Column D 02/25/20 2/25/20 14:00 99.0 5940.0 9074.0 378.1           
End of Test 02/28/20 2/28/20 14:30 72.5 4350.0 9146.5 381.1           




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
K Mg Mn Mo Na 
mg/L mg/L mg/L mg/L mg/L 







Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Ni P Pb S SO4 
mg/L mg/L mg/L mg/L mg/L 
RECIRCULATION 2/12/19 12:00 0.0 0.0 0.0 0.0           
Diluted Feed 3/9/19 13:10 601.2 36070.0 601.2 25.0 0.012 31.500 0.001 163.100 489.300 
Column D 03/11/19 3/11/19 13:08 48.0 2878.0 649.1 27.0 0.001 11.38 0.001 105.3 315.9 
Column D 03/13/19 3/13/19 10:23 45.2 2715.0 694.4 28.9 0.001 13.46 0.001 99.47 298.41 
Column D 03/15/19 3/15/19 14:30 52.1 3127.0 746.5 31.1 0.001 18.41 0.001 113.4 340.2 
Column D 03/19/19 3/19/19 12:30 94.0 5640.0 840.5 35.0 0.001 13.6 0.001 119.8 359.4 
Column D 03/23/19 3/23/19 12:00 95.5 5730.0 936.0 39.0 0.001 14.95 0.001 138.4 415.2 
Column D 03/25/19 3/25/19 12:10 48.2 2890.0 984.2 41.0 0.001 10.09 0.001 127.4 382.2 
Column D 03/27/19 3/27/19 12:30 48.3 2900.0 1032.5 43.0 0.001 15.02 0.001 150.7 452.1 
Column D 03/30/19 3/30/19 11:53 71.4 4283.0 1103.9 46.0 0.001 9.82 0.001 151.6 454.8 




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Ni P Pb S SO4 
mg/L mg/L mg/L mg/L mg/L 
Column D 04/04/19 4/4/19 11:10 41.7 2500.0 1223.2 51.0 0.001 10.88 0.001 151.1 453.3 
Column D 04/06/19 4/6/19 11:10 48.0 2880.0 1271.2 53.0 0.001 10.67 0.001 158 474 
Column D 04/09/19 4/9/19 14:14 75.1 4504.0 1346.2 56.1 0.001 11.05 0.001 120.6 361.8 
Column D 04/11/19 4/11/19 18:15 52.0 3121.0 1398.2 58.3 0.001 9.79 0.001 160.7 482.1 
Column D 04/19/19 4/19/19 10:32 184.3 11057.0 1582.5 65.9          
Column D 04/21/19 4/21/19 18:30 56.0 3358.0 1638.5 68.3 0.0124 6.434 0.0076 157.3 471.9 
Column D 04/28/19 4/28/19 16:46 166.3 9976.0 1804.8 75.2 0.0109 8.239 0.001 145.5 436.5 
Column D 05/02/19 5/2/19 14:37 93.8 5631.0 1898.6 79.1 0.0121 6.016 0.0097 159.7 479.1 
Column D 05/04/19 5/4/19 12:00 45.4 2723.0 1944.0 81.0          
Column D 05/09/19 5/9/19 18:00 126.0 7560.0 2070.0 86.3          




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Ni P Pb S SO4 
mg/L mg/L mg/L mg/L mg/L 
Column D 05/21/19 5/21/19 11:00 86.2 5169.0 2351.0 98.0 0.0078 8.336 0.0232 118.6 355.8 
Column D 05/24/19 5/24/19 11:00 72.0 4320.0 2423.0 101.0          
Column D 05/27/19 5/27/19 9:30 70.5 4230.0 2493.5 103.9          
Column D 05/29/19 5/29/19 11:30 50.0 3000.0 2543.5 106.0          
Column D 05/31/19 5/31/19 10:00 46.5 2790.0 2590.0 107.9          
Column D 06/03/19 6/3/19 11:00 73.0 4380.0 2663.0 111.0 0.0301 21.01 0.001 149.1 447.3 
Column D 06/05/19 6/5/19 11:00 48.0 2880.0 2711.0 113.0          
Column D 06/07/19 6/7/19 11:00 48.0 2880.0 2759.0 115.0          
Column D 06/10/19 6/10/19 12:00 73.0 4380.0 2832.0 118.0          
Column D 06/12/19 6/12/19 11:00 47.0 2820.0 2879.0 120.0          




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Ni P Pb S SO4 
mg/L mg/L mg/L mg/L mg/L 
Column D 06/17/19 6/17/19 12:00 71.0 4260.0 3000.0 125.0          
Column D 06/19/19 6/19/19 11:00 47.0 2820.0 3047.0 127.0 0.001 3.608 0.015 67.91 203.73 
Column D 06/21/19 6/21/19 12:30 49.5 2970.0 3096.5 129.0          
Column D 06/24/19 6/24/19 13:00 72.5 4350.0 3169.0 132.0          
Column D 06/26/19 6/26/19 12:00 47.0 2820.0 3216.0 134.0          
Column D 06/28/19 6/28/19 12:00 48.0 2880.0 3264.0 136.0          
Column D 07/01/19 7/1/19 13:00 73.0 4380.0 3337.0 139.0          
Column D 07/03/19 7/3/19 8:30 43.5 2610.0 3380.5 140.9          
Column D 07/05/19 7/5/19 10:20 49.8 2990.0 3430.3 142.9          
Column D 07/08/19 7/8/19 12:30 74.2 4450.0 3504.5 146.0          




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Ni P Pb S SO4 
mg/L mg/L mg/L mg/L mg/L 
Column D 07/12/19 7/12/19 13:00 49.0 2940.0 3601.0 150.0          
Column D 07/15/19 7/15/19 11:00 70.0 4200.0 3671.0 153.0          
Column D 07/17/19 7/17/19 11:00 48.0 2880.0 3719.0 155.0          
Column D 07/19/19 7/19/19 13:00 50.0 3000.0 3769.0 157.0 0.01 8.734 0.0158 1.713 5.139 
Column D 07/22/19 7/22/19 12:30 71.5 4290.0 3840.5 160.0          
Column D 07/26/19 7/26/19 11:00 94.5 5670.0 3935.0 164.0          
Column D 08/02/19 8/2/19 12:00 169.0 10140.0 4104.0 171.0          
Column D 08/12/19 8/12/2019 14:00 242.0 14520.0 4346.0 181.1 0.011 20.15 0.0251 31.41 94.23 
AVERAGE PERIOD 1 0.005 11.011 0.005 122.137 161.220 
Column D 08/19/19 8/19/19 13:00 167.0 10020.0 4513.0 188.0 0.0062 16.86 0.0232 38.24 114.72 




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Ni P Pb S SO4 
mg/L mg/L mg/L mg/L mg/L 
Column D 08/23/19 8/23/19 9:00 46.0 2760.0 4605.0 191.9 0.004 14.51 0.0185 87.59 262.77 
Column D 08/26/19 8/26/19 9:00 72.0 4320.0 4677.0 194.9          
Column D 08/28/19 8/28/19 8:00 47.0 2820.0 4724.0 196.8          
AVERAGE PERIOD 2 0.005 15.685 0.021 62.915 75.498 
Column D 08/30/19  8/30/19 11:00 51.0 3060.0 4775.0 199.0 0.0045 22.63 0.0047 121.1 363.3 
Column D 09/02/19 9/2/19 10:30 71.5 4290.0 4846.5 201.9          
Column D 09/04/19 9/4/19 7:30 45.0 2700.0 4891.5 203.8 0.0027 22.72 0.0135 59.73 179.19 
Column D 09/06/19 9/6/19 8:00 48.5 2910.0 4940.0 205.8 0.0018 3.654 0.0093 37.28 111.84 
Column D 09/09/19 9/9/19 8:30 72.5 4350.0 5012.5 208.9          
Column D 09/11/19 9/11/19 10:30 50.0 3000.0 5062.5 210.9 0.0051 23.19 0.017 83.43 250.29 




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Ni P Pb S SO4 
mg/L mg/L mg/L mg/L mg/L 
Column D 09/16/19 9/16/19 10:40 71.9 4315.0 5182.7 215.9          
Column D 09/19/19 9/19/19 8:30 69.8 4190.0 5252.5 218.9          
Column D 09/21/19 9/21/19 10:00 49.5 2970.0 5302.0 220.9          
Column D 09/23/19 9/23/19 8:00 46.0 2760.0 5348.0 222.8          
Column D 09/25/19 9/25/19 10:30 50.5 3030.0 5398.5 224.9          
Column D 09/27/19 9/27/19 10:00 47.5 2850.0 5446.0 226.9          
Column D 09/30/19 9/30/19 13:00 75.0 4500.0 5521.0 230.0          
Column D 10/02/19 10/2/19 13:30 48.5 2910.0 5569.5 232.1          
Column D 10/05/19 10/5/19 10:00 68.5 4110.0 5638.0 234.9          
Column D 10/07/19 10/7/19 14:30 52.5 3150.0 5690.5 237.1          




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Ni P Pb S SO4 
mg/L mg/L mg/L mg/L mg/L 
Column D 10/12/19  10/12/19 3:30 61.8 3710.0 5799.5 241.6          
Column D 10/14/19 10/14/19 15:40 60.2 3610.0 5859.7 244.2          
AVERAGE PERIOD 3 0.004 18.049 0.011 75.385 45.231 
Column D 10/16/19 10/16/19 15:00 47.3 2840.0 5907.0 246.1 0.001 2.145 0.0028 3.299 9.897 
Column D 10/18/19  10/18/19 16:00 49.0 2940.0 5956.0 248.2          
Column D 10/21/19 10/21/19 8:00 64.0 3840.0 6020.0 250.8          
Column D 10/23/19 10/23/19 8:20 48.3 2900.0 6068.3 252.8          
Column D 10/25/19 10/25/19 8:30 48.2 2890.0 6116.5 254.9          
Column D 10/28/19 10/28/19 8:10 71.7 4300.0 6188.2 257.8          
Column D 10/30/19  10/30/19 10:30 50.3 3020.0 6238.5 259.9          




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Ni P Pb S SO4 
mg/L mg/L mg/L mg/L mg/L 
Column D 11/04/19 11/4/19 7:45 71.5 4290.0 6355.7 264.8          
Column D 11/06/19 11/6/19 10:40 50.9 3055.0 6406.7 266.9          
Column D 11/08/19 11/8/19 9:00 46.3 2780.0 6453.0 268.9          
Column D 11/11/19 11/11/19 8:00 71.0 4260.0 6524.0 271.8          
Column D 11/13/19 11/13/19 14:30 54.5 3270.0 6578.5 274.1          
Column D 11/15/19 11/15/19 9:25 42.9 2575.0 6621.4 275.9          
Column D 11/18/19 11/18/19 9:30 72.1 4325.0 6693.5 278.9          
Column D 11/20/19 11/20/19 8:30 47.0 2820.0 6740.5 280.9          
Column D 11/22/19 11/22/19 8:15 47.8 2865.0 6788.3 282.8          
Column D 11/26/19 11/26/19 8:18 96.0 5763.0 6884.3 286.8          




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Ni P Pb S SO4 
mg/L mg/L mg/L mg/L mg/L 
Column D 11/30/19 11/30/19 10:30 44.5 2668.0 6982.5 290.9          
Column D 12/02/19 12/2/19 9:36 47.1 2826.0 7029.6 292.9          
Column D 12/04/19 12/4/19 10:30 48.9 2934.0 7078.5 294.9          
Column D 12/06/19 12/6/19 11:30 49.0 2940.0 7127.5 297.0          
Column D 12/09/19 12/9/19 8:30 69.0 4140.0 7196.5 299.9          
Column D 12/11/19 12/11/19 8:00 47.5 2850.0 7244.0 301.8          
Column D 12/13/19 12/13/19 11:00 51.0 3060.0 7295.0 304.0          
Column D 12/16/19 12/16/19 14:01 75.0 4501.0 7370.0 307.1          
Column D 12/18/19 12/18/19 10:21 44.3 2660.0 7414.4 308.9          
Column D 12/20/19 12/20/19 9:46 47.4 2845.0 7461.8 310.9          




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Ni P Pb S SO4 
mg/L mg/L mg/L mg/L mg/L 
Column D 12/25/19 12/25/19 10:30 48.6 2918.0 7582.5 315.9          
Column D 12/27/19 12/27/19 8:32 46.0 2762.0 7628.5 317.9          
Column D 12/30/19 12/30/19 10:52 74.3 4460.0 7702.9 321.0          
Column D 01/01/20 1/1/20 12:48 49.9 2996.0 7752.8 323.0          
Column D 01/03/20 1/3/20 15:56 51.1 3068.0 7803.9 325.2          
Column D 01/06/20 1/6/20 15:34 71.6 4298.0 7875.6 328.1          
Column D 01/10/20 1/10/20 9:07 89.6 5373.0 7965.1 331.9          
Column D 01/17/20 1/17/20 13:00 171.9 10313.0 8137.0 339.0          
Column D 01/20/20 1/20/20 11:00 70.0 4200.0 8207.0 342.0          
Column D 01/22/20 1/22/20 11:00 48.0 2880.0 8255.0 344.0          




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Ni P Pb S SO4 
mg/L mg/L mg/L mg/L mg/L 
Column D 01/27/20 1/27/20 14:00 75.0 4500.0 8378.0 349.1          
Column D 01/31/20 1/31/20 8:40 90.7 5440.0 8468.7 352.9          
Column D 02/04/20 2/4/20 15:35 102.9 6175.0 8571.6 357.1          
Column D 02/07/20 2/7/20 8:20 64.7 3885.0 8636.3 359.8          
Column D 02/11/20 2/11/20 14:00 101.7 6100.0 8738.0 364.1          
Column D 02/14/20 2/14/20 11:10 69.2 4150.0 8807.2 367.0          
Column D 02/18/20 2/18/20 15:12 100.0 6002.0 8907.2 371.1          
Column D 02/21/20 2/21/20 11:00 67.8 4068.0 8975.0 374.0          
Column D 02/25/20 2/25/20 14:00 99.0 5940.0 9074.0 378.1         0 
End of Test 02/28/20 2/28/20 14:30 72.5 4350.0 9146.5 381.1         0 




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Ni P Pb S SO4 
mg/L mg/L mg/L mg/L mg/L 
Undiluted Feed 11/22/19 8:15 47.8 2865.0 6788.3 283 0.069 23.784 0.004 386.013 1152.029 
 
 
Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Se Si Sr Zn 
mg/L mg/L mg/L mg/L 
RECIRCULATION 2/12/19 12:00 0.0 0.0 0.0 0.0         
Diluted Feed 3/9/19 13:10 601.2 36070.0 601.2 25.0 0.025 22.370 3.106 0.140 
Column D 03/11/19 3/11/19 13:08 48.0 2878.0 649.1 27.0 0.025 95.57 10.63 0.001 
Column D 03/13/19 3/13/19 10:23 45.2 2715.0 694.4 28.9 0.025 91.85 10.64 0.001 
Column D 03/15/19 3/15/19 14:30 52.1 3127.0 746.5 31.1 0.025 99.82 12.33 0.001 




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Se Si Sr Zn 
mg/L mg/L mg/L mg/L 
Column D 03/23/19 3/23/19 12:00 95.5 5730.0 936.0 39.0 0.025 94.84 13.37 0.001 
Column D 03/25/19 3/25/19 12:10 48.2 2890.0 984.2 41.0 0.025 84.22 11.06 0.001 
Column D 03/27/19 3/27/19 12:30 48.3 2900.0 1032.5 43.0 0.025 99.02 12.19 0.001 
Column D 03/30/19 3/30/19 11:53 71.4 4283.0 1103.9 46.0 0.025 98.65 11.83 0.001 
Column D 04/02/19 4/2/19 17:30 77.6 4657.0 1181.5 49.2 0.025 94.69 11.42 0.001 
Column D 04/04/19 4/4/19 11:10 41.7 2500.0 1223.2 51.0 0.025 103.6 12.3 0.001 
Column D 04/06/19 4/6/19 11:10 48.0 2880.0 1271.2 53.0 0.025 106.8 13.03 0.001 
Column D 04/09/19 4/9/19 14:14 75.1 4504.0 1346.2 56.1 0.025 83.96 10.15 0.001 
Column D 04/11/19 4/11/19 18:15 52.0 3121.0 1398.2 58.3 0.025 117.9 13.17 0.001 
Column D 04/19/19 4/19/19 10:32 184.3 11057.0 1582.5 65.9         




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Se Si Sr Zn 
mg/L mg/L mg/L mg/L 
Column D 04/28/19 4/28/19 16:46 166.3 9976.0 1804.8 75.2 0.025 104 9.665 0.1463 
Column D 05/02/19 5/2/19 14:37 93.8 5631.0 1898.6 79.1 0.025 117.6 10.66 0.0336 
Column D 05/04/19 5/4/19 12:00 45.4 2723.0 1944.0 81.0         
Column D 05/09/19 5/9/19 18:00 126.0 7560.0 2070.0 86.3         
Column D 05/17/19 5/17/19 20:51 194.9 11691.0 2264.9 94.4 0.025 118.8 6.203 0.001 
Column D 05/21/19 5/21/19 11:00 86.2 5169.0 2351.0 98.0 0.025 136.5 9.074 0.122 
Column D 05/24/19 5/24/19 11:00 72.0 4320.0 2423.0 101.0         
Column D 05/27/19 5/27/19 9:30 70.5 4230.0 2493.5 103.9         
Column D 05/29/19 5/29/19 11:30 50.0 3000.0 2543.5 106.0         
Column D 05/31/19 5/31/19 10:00 46.5 2790.0 2590.0 107.9         




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Se Si Sr Zn 
mg/L mg/L mg/L mg/L 
Column D 06/05/19 6/5/19 11:00 48.0 2880.0 2711.0 113.0         
Column D 06/07/19 6/7/19 11:00 48.0 2880.0 2759.0 115.0         
Column D 06/10/19 6/10/19 12:00 73.0 4380.0 2832.0 118.0         
Column D 06/12/19 6/12/19 11:00 47.0 2820.0 2879.0 120.0         
Column D 06/14/19 6/14/19 13:00 50.0 3000.0 2929.0 122.0         
Column D 06/17/19 6/17/19 12:00 71.0 4260.0 3000.0 125.0         
Column D 06/19/19 6/19/19 11:00 47.0 2820.0 3047.0 127.0 0.025 99.34 4.184 0.001 
Column D 06/21/19 6/21/19 12:30 49.5 2970.0 3096.5 129.0         
Column D 06/24/19 6/24/19 13:00 72.5 4350.0 3169.0 132.0         
Column D 06/26/19 6/26/19 12:00 47.0 2820.0 3216.0 134.0         




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Se Si Sr Zn 
mg/L mg/L mg/L mg/L 
Column D 07/01/19 7/1/19 13:00 73.0 4380.0 3337.0 139.0         
Column D 07/03/19 7/3/19 8:30 43.5 2610.0 3380.5 140.9         
Column D 07/05/19 7/5/19 10:20 49.8 2990.0 3430.3 142.9         
Column D 07/08/19 7/8/19 12:30 74.2 4450.0 3504.5 146.0         
Column D 07/10/19 7/10/19 12:00 47.5 2850.0 3552.0 148.0         
Column D 07/12/19 7/12/19 13:00 49.0 2940.0 3601.0 150.0         
Column D 07/15/19 7/15/19 11:00 70.0 4200.0 3671.0 153.0         
Column D 07/17/19 7/17/19 11:00 48.0 2880.0 3719.0 155.0         
Column D 07/19/19 7/19/19 13:00 50.0 3000.0 3769.0 157.0 0.025 139 3.267 0.0039 
Column D 07/22/19 7/22/19 12:30 71.5 4290.0 3840.5 160.0         




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Se Si Sr Zn 
mg/L mg/L mg/L mg/L 
Column D 08/02/19 8/2/19 12:00 169.0 10140.0 4104.0 171.0         
Column D 08/12/19 8/12/2019 14:00 242.0 14520.0 4346.0 181.1 0.025 127.1 2.866 0.0065 
AVERAGE PERIOD 1 0.025 107.598 9.792 0.019 
Column D 08/19/19 8/19/19 13:00 167.0 10020.0 4513.0 188.0 0.025 129.5 1.906 0.001 
Column D 08/21/19 8/21/19 11:00 46.0 2760.0 4559.0 190.0         
Column D 08/23/19 8/23/19 9:00 46.0 2760.0 4605.0 191.9 0.025 122.2 1.732 0.001 
Column D 08/26/19 8/26/19 9:00 72.0 4320.0 4677.0 194.9         
Column D 08/28/19 8/28/19 8:00 47.0 2820.0 4724.0 196.8         
AVERAGE PERIOD 2 0.025 125.850 1.819 0.001 
Column D 08/30/19  8/30/19 11:00 51.0 3060.0 4775.0 199.0 0.025 57.64 2.059 0.0127 




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Se Si Sr Zn 
mg/L mg/L mg/L mg/L 
Column D 09/04/19 9/4/19 7:30 45.0 2700.0 4891.5 203.8 0.025 91.52 2.042 0.0204 
Column D 09/06/19 9/6/19 8:00 48.5 2910.0 4940.0 205.8 0.025 64.49 1.683 0.001 
Column D 09/09/19 9/9/19 8:30 72.5 4350.0 5012.5 208.9         
Column D 09/11/19 9/11/19 10:30 50.0 3000.0 5062.5 210.9 0.025 93.33 2.066 0.0012 
Column D 09/13/19 9/13/19 10:45 48.2 2895.0 5110.7 212.9         
Column D 09/16/19 9/16/19 10:40 71.9 4315.0 5182.7 215.9         
Column D 09/19/19 9/19/19 8:30 69.8 4190.0 5252.5 218.9         
Column D 09/21/19 9/21/19 10:00 49.5 2970.0 5302.0 220.9         
Column D 09/23/19 9/23/19 8:00 46.0 2760.0 5348.0 222.8         
Column D 09/25/19 9/25/19 10:30 50.5 3030.0 5398.5 224.9         




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Se Si Sr Zn 
mg/L mg/L mg/L mg/L 
Column D 09/30/19 9/30/19 13:00 75.0 4500.0 5521.0 230.0         
Column D 10/02/19 10/2/19 13:30 48.5 2910.0 5569.5 232.1         
Column D 10/05/19 10/5/19 10:00 68.5 4110.0 5638.0 234.9         
Column D 10/07/19 10/7/19 14:30 52.5 3150.0 5690.5 237.1         
Column D 10/09/19 10/9/19 13:40 47.2 2830.0 5737.7 239.1         
Column D 10/12/19  10/12/19 3:30 61.8 3710.0 5799.5 241.6         
Column D 10/14/19 10/14/19 15:40 60.2 3610.0 5859.7 244.2         
AVERAGE PERIOD 3 0.025 76.745 1.963 0.009 
Column D 10/16/19 10/16/19 15:00 47.3 2840.0 5907.0 246.1 0.025 11.76 0.7463 0.001 
Column D 10/18/19  10/18/19 16:00 49.0 2940.0 5956.0 248.2         




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Se Si Sr Zn 
mg/L mg/L mg/L mg/L 
Column D 10/23/19 10/23/19 8:20 48.3 2900.0 6068.3 252.8         
Column D 10/25/19 10/25/19 8:30 48.2 2890.0 6116.5 254.9         
Column D 10/28/19 10/28/19 8:10 71.7 4300.0 6188.2 257.8         
Column D 10/30/19  10/30/19 10:30 50.3 3020.0 6238.5 259.9         
Column D 11/01/19 11/1/19 8:15 45.8 2745.0 6284.3 261.8         
Column D 11/04/19 11/4/19 7:45 71.5 4290.0 6355.7 264.8         
Column D 11/06/19 11/6/19 10:40 50.9 3055.0 6406.7 266.9         
Column D 11/08/19 11/8/19 9:00 46.3 2780.0 6453.0 268.9         
Column D 11/11/19 11/11/19 8:00 71.0 4260.0 6524.0 271.8         
Column D 11/13/19 11/13/19 14:30 54.5 3270.0 6578.5 274.1         




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Se Si Sr Zn 
mg/L mg/L mg/L mg/L 
Column D 11/18/19 11/18/19 9:30 72.1 4325.0 6693.5 278.9         
Column D 11/20/19 11/20/19 8:30 47.0 2820.0 6740.5 280.9         
Column D 11/22/19 11/22/19 8:15 47.8 2865.0 6788.3 282.8         
Column D 11/26/19 11/26/19 8:18 96.0 5763.0 6884.3 286.8         
Column D 11/28/19 11/28/19 14:02 53.7 3224.0 6938.0 289.1         
Column D 11/30/19 11/30/19 10:30 44.5 2668.0 6982.5 290.9         
Column D 12/02/19 12/2/19 9:36 47.1 2826.0 7029.6 292.9         
Column D 12/04/19 12/4/19 10:30 48.9 2934.0 7078.5 294.9         
Column D 12/06/19 12/6/19 11:30 49.0 2940.0 7127.5 297.0         
Column D 12/09/19 12/9/19 8:30 69.0 4140.0 7196.5 299.9         




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Se Si Sr Zn 
mg/L mg/L mg/L mg/L 
Column D 12/13/19 12/13/19 11:00 51.0 3060.0 7295.0 304.0         
Column D 12/16/19 12/16/19 14:01 75.0 4501.0 7370.0 307.1         
Column D 12/18/19 12/18/19 10:21 44.3 2660.0 7414.4 308.9         
Column D 12/20/19 12/20/19 9:46 47.4 2845.0 7461.8 310.9         
Column D 12/23/19 12/23/2019 9:52 72.1 4326.0 7533.9 313.9         
Column D 12/25/19 12/25/19 10:30 48.6 2918.0 7582.5 315.9         
Column D 12/27/19 12/27/19 8:32 46.0 2762.0 7628.5 317.9         
Column D 12/30/19 12/30/19 10:52 74.3 4460.0 7702.9 321.0         
Column D 01/01/20 1/1/20 12:48 49.9 2996.0 7752.8 323.0         
Column D 01/03/20 1/3/20 15:56 51.1 3068.0 7803.9 325.2         




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Se Si Sr Zn 
mg/L mg/L mg/L mg/L 
Column D 01/10/20 1/10/20 9:07 89.6 5373.0 7965.1 331.9         
Column D 01/17/20 1/17/20 13:00 171.9 10313.0 8137.0 339.0         
Column D 01/20/20 1/20/20 11:00 70.0 4200.0 8207.0 342.0         
Column D 01/22/20 1/22/20 11:00 48.0 2880.0 8255.0 344.0         
Column D 01/24/20 1/24/20 11:00 48.0 2880.0 8303.0 346.0         
Column D 01/27/20 1/27/20 14:00 75.0 4500.0 8378.0 349.1         
Column D 01/31/20 1/31/20 8:40 90.7 5440.0 8468.7 352.9         
Column D 02/04/20 2/4/20 15:35 102.9 6175.0 8571.6 357.1         
Column D 02/07/20 2/7/20 8:20 64.7 3885.0 8636.3 359.8         
Column D 02/11/20 2/11/20 14:00 101.7 6100.0 8738.0 364.1         




Sample ID  Date/ Time Time (hour) Time (min) Cumulative time (hr) Cumulative time (day) 
Se Si Sr Zn 
mg/L mg/L mg/L mg/L 
Column D 02/18/20 2/18/20 15:12 100.0 6002.0 8907.2 371.1         
Column D 02/21/20 2/21/20 11:00 67.8 4068.0 8975.0 374.0         
Column D 02/25/20 2/25/20 14:00 99.0 5940.0 9074.0 378.1         
End of Test 02/28/20 2/28/20 14:30 72.5 4350.0 9146.5 381.1         
AVERAGE PERIOD 4 0.025 11.760 0.746 0.001 






Appendix F: Soil and Columns Content Moisture and Extraction  
Table F.1 – Soil moisture pre-test 












Soil Moisture wet 
basis (w%) 
AVG moisture Wet 
Basis (%) 









75-85      a 30.0786 32.6315 23.523 
22.78
5 
30.28 30.36 43.44 43.59 2.45 2.48 
75-85      b 30.0225 32.5646 23.4276 
22.67
46 
30.43   43.75   2.51   
85 95      a 30.0401 32.5707 21.2749 
20.34
25 
37.60 37.36 60.26 59.65 3.10 3.37 
85-95      b 30.0442 32.5867 21.434 
20.34
25 
37.12   59.04   3.63   
95-
105    a 30.6879 33.1988 23.7807 
22.98
01 
30.69 31.68 44.28 46.40 2.61 2.64 
95-
105  b 30.5761 33.1078 23.1185 
22.30
43 
32.67   48.52   2.66   
105-
115 a 30.011 32.5347 23.8882 
23.15
48 
















Soil Moisture wet 
basis (w%) 
AVG moisture Wet 
Basis (%) 









115 b 30.0678 32.5914 23.896 
23.20
38 
28.92   40.69   2.30   
02D 
75-85 a 30.0377 32.5738 22.0371 
21.24
32 
35.08 34.93 54.03 53.68 2.64 2.61 
75-85 b 30.02 32.5548 22.1141 
21.34
29 
34.78   53.33   2.57   
85-95 a 30.0071 32.5456 21.437 
20.48
63 
37.02 36.55 58.78 57.61 3.17 3.10 
85-95 b 30.019 32.5676 21.737 
20.82
55 
36.08   56.44   3.04   
95-
105 a 30.0293 32.5623 22.5899 
21.89
21 
33.21 33.11 49.72 49.50 2.32 3.47 
95-
105 b 30.0067 32.5596 22.6541 
21.26
92 
33.01   49.28   4.62   
105-
115 a 30.0868 32.599 24.1756 
23.54
35 
28.00 27.83 38.88 38.56 2.10 2.17 
105-
115 b 30.0501 32.6008 24.2879 
23.61
61 
















Soil Moisture wet 
basis (w%) 
AVG moisture Wet 
Basis (%) 









75-85 a 30.0972 32.649 23.08 
22.53
29 
31.79 31.37 46.61 45.71 1.82 1.82 
75-85 b 30.0363 32.5904 23.2975 
22.75
3 
30.94   44.80   1.81   
85-95 a 30.875 33.402 24.9525 
24.06
09 
27.37 28.44 37.68 39.77 2.89 2.94 
85-95 b 30.8516 33.4025 24.2979 
23.37
59 
29.51   41.87   2.99   
95-
105 a 30.0183 32.5766 23.1858 
22.47
35 
31.28 31.15 45.53 45.25 2.37 2.40 
95-
105 b 30.0088 32.5663 23.2563 
22.52
88 
31.02   44.98   2.42   
105-
115 a 30.0115 32.5621 23.9823 
23.23
82 
28.59 29.16 40.03 41.16 2.48 2.57 
105-
115 b 30.0356 32.5819 23.6548 
22.85
46 
29.72   42.29   2.66   
05D 
75-85 a 30.0326 32.5652 23.4899 
22.84
52 
















Soil Moisture wet 
basis (w%) 
AVG moisture Wet 
Basis (%) 








75-85 b 30.0944 32.6238 23.339 
22.70
33 
30.85   44.62   2.11   
85-95 a 30.0102 32.433 22.5186 
21.72
86 
33.04 33.26 49.34 49.85 2.63 2.58 
85-95 b 30.0351 32.5125 22.4535 
21.69
47 
33.49   50.36   2.53   
95-
105 a 30.084 32.6489 24.7311 
23.95
91 
26.32 25.99 35.72 35.12 2.57 2.82 
95-
105 b 30.0707 32.6004 24.8831 
23.96
11 
25.66   34.52   3.07   
105-
115 a 30.099 32.6249 26.2268 
25.67
96 
21.26 21.65 27.00 27.64 1.82 1.86 
105-
115 b 30.0559 32.6005 25.9735 
25.39
97 




85A a 30.0865 32.6438 22.961   
32.18 32.37 47.46 47.86 0.76   
75-
85A b 30.037 32.6025 22.8252 
22.11
95 
















Soil Moisture wet 
basis (w%) 
AVG moisture Wet 
Basis (%) 









105 a 30.0302 32.5842 23.7506 
23.03
99 
29.42 30.11 41.67 43.10 0.02 0.02 
95-
105 b 30.0295 32.6023 23.35 
22.61
14 





Table F.2 – Soil extraction pre-test 
Well Borehole Depth 
Chromium Concentration (mg/L) 
Chromium Chromium Chromium  
First Rinse Second Rinse Third Rinse 
mg/L mg/L mg/L mg  mg/g wet soil mg/g dry soil 
01D 
75-85 11.5 3.6 1 0.483 0.024 0.116 
85-95 33 9 2.95 1.349 0.067 0.359 
95-105 19.5 4.2 1.6 0.759 0.038 0.185 
105-115 11.5 3.2 0.8 0.465 0.023 0.109 
02D 
75-85 20.5 6.8 1.7 0.870 0.044 0.223 
85-95 23 7 1.95 0.959 0.048 0.252 
95-105 5 1.8 0.5 0.219 0.011 0.055 
105-115 12.5 3.4 1 0.507 0.025 0.117 
04D 
75-85 12 2.8 1.15 0.479 0.024 0.116 




95-105 12 3.8 1.1 0.507 0.025 0.123 
105-115 15 3.8 0.95 0.593 0.030 0.139 
05D 
75-85 19.5 5 2.15 0.800 0.040 0.192 
85-95 24 6.4 1.8 0.966 0.048 0.241 
95-105 26.5 6.6 1.8 1.047 0.052 0.236 
105-115 8 2.2 0.75 0.329 0.016 0.070 
Mixed 
75-85 18 4.6 1.1 0.711 0.036 0.175 







Well Borehole Depth 
Sulfate Concentration (mg/L) 
Sulfate Sulfate Sulfate 
First Rinse Second Rinse Third Rinse 
mg/L mg/L mg/L mg mg/g wet soil mg/g dry soil 
01D 
75-85 120 52 40 6.36 0.318 1.522 
85-95 330 60 44 13.02 0.651 3.464 
95-105 140 66 19 6.75 0.3375 1.647 
105-115 60 24 12 2.88 0.144 0.675 
02D 
75-85 280 50 15 10.35 0.5175 2.651 
85-95 220 50 33 9.09 0.4545 2.388 
95-105 20 16 12 1.44 0.072 0.359 
105-115 80 28 3 3.33 0.1665 0.769 
04D 
75-85 280 40 46 10.98 0.549 2.666 




95-105 60 36 26 3.66 0.183 0.886 
105-115 80 34 11 3.75 0.1875 0.882 
05D 
75-85 280 50 39 11.07 0.5535 2.656 
85-95 240 50 34 9.72 0.486 2.427 
95-105 180 30 8 6.54 0.327 1.473 
105-115 30 16 11 1.71 0.0855 0.364 
Mixed 
75-85 230  24 7.62 0.381 1.878 









Well Borehole Depth 
Phosphate Concentration (mg/L) 
Phosphate Phosphate Phosphate 
First Rinse Second Rinse Third Rinse 
mg/L mg/L mg/L mg mg/g wet soil mg/g dry soil 
01D 
75-85 0.03 0.12 0.05 0.006 0.0003 0.001 
85-95 0.06 0.1 0.05 0.0063 0.000315 0.002 
95-105 0.04 0 0.05 0.0027 0.000135 0.001 
105-115 0.02 0.07 0.07 0.0048 0.00024 0.001 
02D 
75-85 0.08 0.06 0.19 0.0099 0.000495 0.003 
85-95 0.05 0.09 0.14 0.0084 0.00042 0.002 
95-105 0.06 0.05 0.01 0.0036 0.00018 0.001 
105-115 0.12 0.07 0 0.0057 0.000285 0.001 
04D 
75-85 0.06 0.18 1.37 0.0483 0.002415 0.012 




95-105 0.1 0 0.15 0.0075 0.000375 0.002 
105-115 0.09 0.11 0.15 0.0105 0.000525 0.002 
05D 
75-85 0.03 1.95 0.93 0.0873 0.004365 0.021 
85-95 0.04 0.09 0.05 0.0054 0.00027 0.001 
95-105 0.11 0.05 0.12 0.0084 0.00042 0.002 
105-115 0.1 0.07 0.04 0.0063 0.000315 0.001 
Mixed 
75-85 0.12 0.01 0.57 0.021 0.00105 0.005 






Well Borehole Depth 
Nitrate as NO3 Concentration (mg/L) 
Nitrate Nitrate Nitrate 
First Rinse Second Rinse Third Rinse 
mg/L mg/L mg/L mg mg/g wet soil mg/g dry soil 
01D 
75-85 46.2   1.386 0.0693 0.338 
85-95 20.5   0.615 0.03075 0.144 
95-105 46.4   1.392 0.0696 0.357 
105-115 57.1   1.713 0.08565 0.450 
02D 
75-85 24.2   0.726 0.0363 0.181 
85-95 29.2   0.876 0.0438 0.202 
95-105 23.6   0.708 0.0354 0.172 
105-115 57.3   1.719 0.08595 0.400 
04D 
75-85 43.9   1.317 0.06585 0.319 




95-105 31.7   0.951 0.04755 0.228 
105-115 45.4   1.362 0.0681 0.340 
05D 
75-85 60.7   1.821 0.09105 0.410 
85-95 18.8   0.564 0.0282 0.120 
95-105 36.9   1.107 0.05535 0.273 
105-115 42.1   1.263 0.06315 0.301 
Mixed 
75-85 46.2   1.386 0.0693 0.338 








Well Borehole Depth 
Chlorate Concentration (mg/L) 
Chlorate Chlorate Chlorate 
First Rinse Second Rinse Third Rinse 
mg/L mg/L mg/L mg mg/g wet soil mg/g dry soil 
01D 
75-85 4046 870 198 153.42 7.671 37.427 
85-95 2006 816 96 87.54 4.377 20.510 
95-105 3647 694 186.2 135.816 6.7908 34.786 
105-115 4356 1084 446 176.58 8.829 46.383 
02D 
75-85 1962 486 110.8 76.764 3.8382 19.127 
85-95 2286 522 113.2 87.636 4.3818 20.238 
95-105 2082 450 131 79.89 3.9945 19.400 
105-115 4010 1426 246 170.46 8.523 39.700 
04D 
75-85 3770 964 222 148.68 7.434 35.993 




95-105 2798 514 144.6 103.698 5.1849 24.880 
105-115 3262 758 187.8 126.234 6.3117 31.526 
05D 
75-85 6256 1018 208 224.46 11.223 50.548 
85-95 2140 332 66.2 76.146 3.8073 16.198 
95-105 2922 584 139.4 109.362 5.4681 26.950 
105-115 3482 990 167.6 139.188 6.9594 33.194 
Mixed 
75-85 4046 870 198 153.42 7.671 37.427 








Well Borehole Depth 
Perchlorate Concentration (mg/L) 
Perchlorate Perchlorate Perchlorate 
First Rinse Second Rinse Third Rinse 
mg/L mg/L mg/L mg mg/g wet soil mg/g dry soil 
01D 
75-85 616 106 22.4 22.332 1.1166 5.448 
85-95 360 68.2 11.1 13.179 0.65895 3.088 
95-105 772 152.2 35.6 28.794 1.4397 7.375 
105-115 1088 267 46.6 42.048 2.1024 11.045 
02D 
75-85 942 106.8 23.6 32.172 1.6086 8.016 
85-95 914 95 20 30.87 1.5435 7.129 
95-105 139.4 29.4 9.12 5.3376 0.26688 1.296 
105-115 381 144 18.08 16.2924 0.81462 3.795 
04D 
75-85 1023.8 123.6 28.6 35.28 1.764 8.541 




95-105 370 68.2 18.76 13.7088 0.68544 3.289 
105-115 556 102.4 24.8 20.496 1.0248 5.119 
05D 
75-85 1544 162.2 33.2 52.182 2.6091 11.751 
85-95 520 80.8 15.46 18.4878 0.92439 3.933 
95-105 477.4 76.4 17.22 17.1306 0.85653 4.221 
105-115 718 110.2 24 25.566 1.2783 6.097 
Mixed 
75-85 616 106 22.4 22.332 1.1166 5.448 






  pH 
Well 
Borehole 
Depth First Rinse Second Rinse Third Rinse 
01D 
75-85 7.39 7.70 7.94 
85-95 7.40 7.70 8.29 
95-105 7.59 7.59 8.48 
105-115 7.56 7.85 8.62 
02D 
75-85 7.76 7.97 8.33 
85-95 7.55 8.33 8.23 
95-105 7.71 7.99 7.74 
105-115 7.71 8.05 7.87 




85-95 7.72 8.50 8.42 
95-105 7.47 8.61 7.98 
105-115 7.60 8.24 7.93 
05D 
75-85 8.06 8.64 8.89 
85-95 7.93 8.46 8.48 
95-105 7.73 8.47 8.56 
105-115 7.59 8.27 8.06 
Mixed 
75-85 7.89 8.32 8.59 





Table F.3 – Column content moisture and extraction post test 
Sample ID Contaminant Units 
Mass of soil 
Volume of water per rinse 
Extraction 1 Extraction 2 Extraction 3 
Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 
Column A   
(95'-105') 
Perchlorate mg/L 11.60 12.15 144.00 140.00 156.00 150.00 152.00 150.00 
Chlorate mg/L 11.60 12.15 144.00 140.00 156.00 150.00 152.00 150.00 
Nitrate mg/L 11.60 12.15 144.00 140.00 156.00 150.00 152.00 150.00 
Chloride mg/L 11.60 12.15 144.00 140.00 156.00 150.00 152.00 150.00 
Sulfate mg/L 11.60 12.15 144.00 140.00 156.00 150.00 152.00 150.00 
Phosphate mg/L 11.60 12.15 144.00 140.00 156.00 150.00 152.00 150.00 
Ammonia mg/L 11.60 12.15 144.00 140.00 156.00 150.00 152.00 150.00 
Chromium VI mg/L 11.60 12.15 144.00 140.00 156.00 150.00 152.00 150.00 
Total Chromium mg/L 11.60 12.15 144.00 140.00 156.00 150.00 152.00 150.00 




Sample ID Contaminant Units 
Mass of soil 
Volume of water per rinse 
Extraction 1 Extraction 2 Extraction 3 
Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 
TOC mg/L 11.60 12.15 144.00 140.00 156.00 150.00 152.00 150.00 
Column B    
(95'-105') 
Perchlorate mg/L 12.59 12.09 138.00 140.00 154.00 150.00 151.00 150.00 
Chlorate mg/L 12.59 12.09 138.00 140.00 154.00 150.00 151.00 150.00 
Nitrate mg/L 12.59 12.09 138.00 140.00 154.00 150.00 151.00 150.00 
Chloride mg/L 12.59 12.09 138.00 140.00 154.00 150.00 151.00 150.00 
Sulfate mg/L 12.59 12.09 138.00 140.00 154.00 150.00 151.00 150.00 
Phosphate mg/L 12.59 12.09 138.00 140.00 154.00 150.00 151.00 150.00 
Ammonia mg/L 12.59 12.09 138.00 140.00 154.00 150.00 151.00 150.00 
Chromium VI mg/L 12.59 12.09 138.00 140.00 154.00 150.00 151.00 150.00 




Sample ID Contaminant Units 
Mass of soil 
Volume of water per rinse 
Extraction 1 Extraction 2 Extraction 3 
Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 
COD mg/L 12.59 12.09 138.00 140.00 154.00 150.00 151.00 150.00 
TOC mg/L 12.59 12.09 138.00 140.00 154.00 150.00 151.00 150.00 
Column C   
(75'-85') 
Perchlorate mg/L 11.83 12.03 140.00 140.00 152.00 152.00 150.00 150.00 
Chlorate mg/L 11.83 12.03 140.00 140.00 152.00 152.00 150.00 150.00 
Nitrate mg/L 11.83 12.03 140.00 140.00 152.00 152.00 150.00 150.00 
Chloride mg/L 11.83 12.03 140.00 140.00 152.00 152.00 150.00 150.00 
Sulfate mg/L 11.83 12.03 140.00 140.00 152.00 152.00 150.00 150.00 
Phosphate mg/L 11.83 12.03 140.00 140.00 152.00 152.00 150.00 150.00 
Ammonia mg/L 11.83 12.03 140.00 140.00 152.00 152.00 150.00 150.00 




Sample ID Contaminant Units 
Mass of soil 
Volume of water per rinse 
Extraction 1 Extraction 2 Extraction 3 
Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 
Total Chromium mg/L 11.83 12.03 140.00 140.00 152.00 152.00 150.00 150.00 
COD mg/L 11.83 12.03 140.00 140.00 152.00 152.00 150.00 150.00 
TOC mg/L 11.83 12.03 140.00 140.00 152.00 152.00 150.00 150.00 
Column D     
(75'-85') 
Perchlorate mg/L 12.08 11.95 140.00 140.00 154.00 150.00 150.00 149.00 
Chlorate mg/L 12.08 11.95 140.00 140.00 154.00 150.00 150.00 149.00 
Nitrate mg/L 12.08 11.95 140.00 140.00 154.00 150.00 150.00 149.00 
Chloride mg/L 12.08 11.95 140.00 140.00 154.00 150.00 150.00 149.00 
Sulfate mg/L 12.08 11.95 140.00 140.00 154.00 150.00 150.00 149.00 
Phosphate mg/L 12.08 11.95 140.00 140.00 154.00 150.00 150.00 149.00 




Sample ID Contaminant Units 
Mass of soil 
Volume of water per rinse 
Extraction 1 Extraction 2 Extraction 3 
Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 
Chromium VI mg/L 12.08 11.95 140.00 140.00 154.00 150.00 150.00 149.00 
Total Chromium mg/L 12.08 11.95 140.00 140.00 154.00 150.00 150.00 149.00 
COD mg/L 12.08 11.95 140.00 140.00 154.00 150.00 150.00 149.00 








Sample ID Contaminant  Units 
Concentration mg/L 
Extraction 1 Extraction 2 Extraction 3 
Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 
Column A   
(95'-105') 
Perchlorate mg/L   92.00   110.00   18.00       2.50     
Chlorate mg/L   470.00   520.00   83.00       13.00     
Nitrate mg/L   2.52   2.70   1.64       1.02     
Chloride mg/L   269.00   325.00   43.60       9.41     
Sulfate mg/L   85.20   100.00   23.70       9.93     
Phosphate mg/L       13.25                 
Ammonia mg/L   37.20   47.80                 
Chromium VI mg/L   0.00   0.01                 
Total Chromium mg/L   0.254   0.46   0.41       0.46     




Sample ID Contaminant  Units 
Concentration mg/L 
Extraction 1 Extraction 2 Extraction 3 
Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 
TOC mg/L   38.00                     
Column B    
(95'-105') 
Perchlorate mg/L   100.00   110.00   14.00   9.90   1.90   2.30 
Chlorate mg/L   540.00   500.00   67.00   45.00   10.00   10.00 
Nitrate mg/L   1.59   1.59   1.33 < 0.88 < 0.88   1.24 
Chloride mg/L   300.00   317.00   35.40   27.70   7.01   9.09 
Sulfate mg/L   106.00   103.00   16.70   14.70   6.89   6.35 
Phosphate mg/L       11.90                 
Ammonia mg/L   44.40   43.60                 
Chromium VI mg/L   0.00   0.00                 




Sample ID Contaminant  Units 
Concentration mg/L 
Extraction 1 Extraction 2 Extraction 3 
Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 
COD mg/L   22.00 < 3.00                 
TOC mg/L   45.00   53.00                 
Column C   
(75'-85') 
Perchlorate mg/L   71.00   73.00   7.10       0.92     
Chlorate mg/L   550.00   570.00   58.00       8.00     
Nitrate mg/L   4.29   4.15   2.12       0.97     
Chloride mg/L   230.00   292.00   25.70       6.82     
Sulfate mg/L   137.00   153.00   21.20       8.81     
Phosphate mg/L       1.50                 
Ammonia mg/L   62.00   46.80                 




Sample ID Contaminant  Units 
Concentration mg/L 
Extraction 1 Extraction 2 Extraction 3 
Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 
Total Chromium mg/L   0.111   0.106   0.099       0.428     
COD mg/L < 3.00 < 3.00                 
TOC mg/L   23.00                     
Column D     
(75'-85') 
Perchlorate mg/L   70.00   74.00   9.30   7.70   1.10   1.40 
Chlorate mg/L   550.00   540.00   70.00   55.00   8.30   11.00 
Nitrate mg/L   4.91   4.69   1.86   0.97 < 0.88 < 0.88 
Chloride mg/L   229.00   243.00   30.80   23.70   6.33   8.66 
Sulfate mg/L   157.00   176.00   31.40   22.50   9.69   9.56 
Phosphate mg/L       1.20                 




Sample ID Contaminant  Units 
Concentration mg/L 
Extraction 1 Extraction 2 Extraction 3 
Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 
Chromium VI mg/L   0.00   0.02                 
Total Chromium mg/L   0.15   0.22   0.07   0.55   0.43   0.55 
COD mg/L < 3.00   20.00                 






Sample ID Contaminant  
Extraction per Dry Soil Basis (mg of contaminant/ g of dry soil) Extraction per Dry Soil Basis 
Extraction 1 Extraction 2 Extraction 3 mg of contaminant/ g of dry soil 
Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 Extraction 1 Extraction 2 Extraction 3 
Column A   
(95'-105') 
Perchlorate 1.14 1.27 0.24   0.03   1.20 0.24 0.03 
Chlorate 5.84 5.99 1.12   0.17   5.91 1.12 0.17 
Nitrate 0.03 0.03 0.02   0.01   0.03 0.02 0.01 
Chloride 3.34 3.74 0.59   0.12   3.54 0.59 0.12 
Sulfate 1.06 1.15 0.32   0.13   1.10 0.32 0.13 
Phosphate   0.15         0.15     
Ammonia 0.46 0.55         0.51     
Chromium VI 0.00 0.00         0.00     
Total Chromium 0.0032 0.0053 0.0056   0.0060   0.0042 0.0056 0.0060 




Sample ID Contaminant  
Extraction per Dry Soil Basis (mg of contaminant/ g of dry soil) Extraction per Dry Soil Basis 
Extraction 1 Extraction 2 Extraction 3 mg of contaminant/ g of dry soil 
Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 Extraction 1 Extraction 2 Extraction 3 
TOC 0.47           0.47     
Column B    
(95'-105') 
Perchlorate 1.10 1.27 0.17 0.12 0.02 0.03 1.18 0.15 0.03 
Chlorate 5.92 5.79 0.82 0.56 0.12 0.12 5.85 0.69 0.12 
Nitrate 0.02 0.02 0.02 0.01 0.01 0.02 0.02 0.01 0.01 
Chloride 3.29 3.67 0.43 0.34 0.08 0.11 3.48 0.39 0.10 
Sulfate 1.16 1.19 0.20 0.18 0.08 0.08 1.18 0.19 0.08 
Phosphate   0.14         0.14     
Ammonia 0.49 0.50         0.50     
Chromium VI 0.00 0.00         0.00     




Sample ID Contaminant  
Extraction per Dry Soil Basis (mg of contaminant/ g of dry soil) Extraction per Dry Soil Basis 
Extraction 1 Extraction 2 Extraction 3 mg of contaminant/ g of dry soil 
Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 Extraction 1 Extraction 2 Extraction 3 
COD 0.24 0.03         0.14     
TOC 0.49 0.61         0.55     
Column C   
(75'-85') 
Perchlorate 0.84 0.85 0.09   0.01   0.85 0.09 0.01 
Chlorate 6.51 6.63 0.75   0.10   6.57 0.75 0.10 
Nitrate 0.05 0.05 0.03   0.01   0.05 0.03 0.01 
Chloride 2.72 3.40 0.33   0.09   3.06 0.33 0.09 
Sulfate 1.62 1.78 0.27   0.11   1.70 0.27 0.11 
Phosphate   0.02         0.02     
Ammonia 0.73 0.54         0.64     




Sample ID Contaminant  
Extraction per Dry Soil Basis (mg of contaminant/ g of dry soil) Extraction per Dry Soil Basis 
Extraction 1 Extraction 2 Extraction 3 mg of contaminant/ g of dry soil 
Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 Extraction 1 Extraction 2 Extraction 3 
Total Chromium 0.00131 0.00124 0.0013   0.0054   0.0013 0.0013 0.0054 
COD 0.04 0.03         0.04     
TOC 0.27           0.27     
Column D     
(75'-85') 
Perchlorate 0.81 0.87 0.12 0.10 0.01 0.02 0.84 0.11 0.02 
Chlorate 6.37 6.33 0.89 0.69 0.10 0.14 6.35 0.79 0.12 
Nitrate 0.06 0.05 0.02 0.01 0.01 0.01 0.06 0.02 0.01 
Chloride 2.65 2.85 0.39 0.30 0.08 0.11 2.75 0.34 0.09 
Sulfate 1.82 2.06 0.40 0.28 0.12 0.12 1.94 0.34 0.12 
Phosphate   0.01         0.01     




Sample ID Contaminant  
Extraction per Dry Soil Basis (mg of contaminant/ g of dry soil) Extraction per Dry Soil Basis 
Extraction 1 Extraction 2 Extraction 3 mg of contaminant/ g of dry soil 
Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 Extraction 1 Extraction 2 Extraction 3 
Chromium VI 0.00 0.00         0.00     
Total Chromium 0.0018 0.0026 0.0009 0.0069 0.0054 0.0069 0.0022 0.0039 0.0061 
COD 0.03 0.23         0.13     







Sample ID Contaminant  
Total Extraction per Dry Soil Basis Contaminants pre test (initial) Moisture content (wet basis) Moisture content (dry basis) 
mg of contaminant/ g of dry soil mg of contaminant/ g of dry soil percent (%) percent (%) 
Result  Result  Result  Result  
Column A   
(95'-105') 
Perchlorate 1.480 6.097 21.59 27.53 
Chlorate 7.200 33.194 21.59 27.53 
Nitrate 0.066 0.301 21.59 27.53 
Chloride 4.252   21.59 27.53 
Sulfate 1.554 1.252 21.59 27.53 
Phosphate 0.153 0.00165 21.59 27.53 
Ammonia 0.506   21.59 27.53 
Chromium VI 0.0001 0.1542 21.59 27.53 
Total Chromium 0.016   21.59 27.53 




Sample ID Contaminant  
Total Extraction per Dry Soil Basis Contaminants pre test (initial) Moisture content (wet basis) Moisture content (dry basis) 
mg of contaminant/ g of dry soil mg of contaminant/ g of dry soil percent (%) percent (%) 
Result  Result  Result  Result  
TOC 0.472   21.59 27.53 
Column B    
(95'-105') 
Perchlorate 1.357 6.097 21.68 27.68 
Chlorate 6.664 33.194 21.68 27.68 
Nitrate 0.044 0.301 21.68 27.68 
Chloride 3.966   21.68 27.68 
Sulfate 1.451 1.252 21.68 27.68 
Phosphate 0.138 0.00165 21.68 27.68 
Ammonia 0.496   21.68 27.68 
Chromium VI 0.000 0.1542 21.68 27.68 




Sample ID Contaminant  
Total Extraction per Dry Soil Basis Contaminants pre test (initial) Moisture content (wet basis) Moisture content (dry basis) 
mg of contaminant/ g of dry soil mg of contaminant/ g of dry soil percent (%) percent (%) 
Result  Result  Result  Result  
COD 0.138   21.68 27.68 
TOC 0.553   21.68 27.68 
Column C   
(75'-85') 
Perchlorate 0.948 4.221 22.54 29.10 
Chlorate 7.419 26.950 22.54 29.10 
Nitrate 0.089 0.273 22.54 29.10 
Chloride 3.477   22.54 29.10 
Sulfate 2.085 1.878 22.54 29.10 
Phosphate 0.017 0.00517 22.54 29.10 
Ammonia 0.639   22.54 29.10 




Sample ID Contaminant  
Total Extraction per Dry Soil Basis Contaminants pre test (initial) Moisture content (wet basis) Moisture content (dry basis) 
mg of contaminant/ g of dry soil mg of contaminant/ g of dry soil percent (%) percent (%) 
Result  Result  Result  Result  
Total Chromium 0.008   22.54 29.10 
COD 0.035   22.54 29.10 
TOC 0.272   22.54 29.10 
Column D     
(75'-85') 
Perchlorate 0.962 4.221 22.89 29.68 
Chlorate 7.260 26.950 22.89 29.68 
Nitrate 0.085 0.273 22.89 29.68 
Chloride 3.188   22.89 29.68 
Sulfate 2.401 1.878 22.89 29.68 
Phosphate 0.014 0.00517 22.89 29.68 




Sample ID Contaminant  
Total Extraction per Dry Soil Basis Contaminants pre test (initial) Moisture content (wet basis) Moisture content (dry basis) 
mg of contaminant/ g of dry soil mg of contaminant/ g of dry soil percent (%) percent (%) 
Result  Result  Result  Result  
Chromium VI 0.000 0.1752 22.89 29.68 
Total Chromium 0.012   22.89 29.68 
COD 0.135   22.89 29.68 
TOC 0.251   22.89 29.68 
 
Table F.4 – Chemicals concentrations in column content extraction post test 
Sample ID Contaminant  Units 
Mass of soil 
Volume of water per rinse 
Extraction 1 Extraction 2 Extraction 3 
Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 
Column A  (95’–105’) 
Al mg/L 11.60 12.15 144.00 140.00 156.00 150.00 152.00 150.00 




Sample ID Contaminant  Units 
Mass of soil 
Volume of water per rinse 
Extraction 1 Extraction 2 Extraction 3 
Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 
B mg/L 11.60 12.15 144.00 140.00 156.00 150.00 152.00 150.00 
Ba mg/L 11.60 12.15 144.00 140.00 156.00 150.00 152.00 150.00 
Ca mg/L 11.60 12.15 144.00 140.00 156.00 150.00 152.00 150.00 
Cd mg/L 11.60 12.15 144.00 140.00 156.00 150.00 152.00 150.00 
Co mg/L 11.60 12.15 144.00 140.00 156.00 150.00 152.00 150.00 
Cr mg/L 11.60 12.15 144.00 140.00 156.00 150.00 152.00 150.00 
Cu mg/L 11.60 12.15 144.00 140.00 156.00 150.00 152.00 150.00 
Fe mg/L 11.60 12.15 144.00 140.00 156.00 150.00 152.00 150.00 
K mg/L 11.60 12.15 144.00 140.00 156.00 150.00 152.00 150.00 
Mg mg/L 11.60 12.15 144.00 140.00 156.00 150.00 152.00 150.00 




Sample ID Contaminant  Units 
Mass of soil 
Volume of water per rinse 
Extraction 1 Extraction 2 Extraction 3 
Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 
Mo mg/L 11.60 12.15 144.00 140.00 156.00 150.00 152.00 150.00 
Na mg/L 11.60 12.15 144.00 140.00 156.00 150.00 152.00 150.00 
Ni mg/L 11.60 12.15 144.00 140.00 156.00 150.00 152.00 150.00 
P mg/L 11.60 12.15 144.00 140.00 156.00 150.00 152.00 150.00 
Pb mg/L 11.60 12.15 144.00 140.00 156.00 150.00 152.00 150.00 
S mg/L 11.60 12.15 144.00 140.00 156.00 150.00 152.00 150.00 
Se mg/L 11.60 12.15 144.00 140.00 156.00 150.00 152.00 150.00 
Si mg/L 11.60 12.15 144.00 140.00 156.00 150.00 152.00 150.00 
Sr mg/L 11.60 12.15 144.00 140.00 156.00 150.00 152.00 150.00 
Zn mg/L 11.60 12.15 144.00 140.00 156.00 150.00 152.00 150.00 




Sample ID Contaminant  Units 
Mass of soil 
Volume of water per rinse 
Extraction 1 Extraction 2 Extraction 3 
Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 
As mg/L 12.59 12.09 138.00 140.00 154.00 150.00 151.00 150.00 
B mg/L 12.59 12.09 138.00 140.00 154.00 150.00 151.00 150.00 
Ba mg/L 12.59 12.09 138.00 140.00 154.00 150.00 151.00 150.00 
Ca mg/L 12.59 12.09 138.00 140.00 154.00 150.00 151.00 150.00 
Cd mg/L 12.59 12.09 138.00 140.00 154.00 150.00 151.00 150.00 
Co mg/L 12.59 12.09 138.00 140.00 154.00 150.00 151.00 150.00 
Cr mg/L 12.59 12.09 138.00 140.00 154.00 150.00 151.00 150.00 
Cu mg/L 12.59 12.09 138.00 140.00 154.00 150.00 151.00 150.00 
Fe mg/L 12.59 12.09 138.00 140.00 154.00 150.00 151.00 150.00 




Sample ID Contaminant  Units 
Mass of soil 
Volume of water per rinse 
Extraction 1 Extraction 2 Extraction 3 
Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 
Mg mg/L 12.59 12.09 138.00 140.00 154.00 150.00 151.00 150.00 
Mn mg/L 12.59 12.09 138.00 140.00 154.00 150.00 151.00 150.00 
Mo mg/L 12.59 12.09 138.00 140.00 154.00 150.00 151.00 150.00 
Na mg/L 12.59 12.09 138.00 140.00 154.00 150.00 151.00 150.00 
Ni mg/L 12.59 12.09 138.00 140.00 154.00 150.00 151.00 150.00 
P mg/L 12.59 12.09 138.00 140.00 154.00 150.00 151.00 150.00 
Pb mg/L 12.59 12.09 138.00 140.00 154.00 150.00 151.00 150.00 
S mg/L 12.59 12.09 138.00 140.00 154.00 150.00 151.00 150.00 
Se mg/L 12.59 12.09 138.00 140.00 154.00 150.00 151.00 150.00 




Sample ID Contaminant  Units 
Mass of soil 
Volume of water per rinse 
Extraction 1 Extraction 2 Extraction 3 
Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 
Sr mg/L 12.59 12.09 138.00 140.00 154.00 150.00 151.00 150.00 
Zn mg/L 12.59 12.09 138.00 140.00 154.00 150.00 151.00 150.00 
Column C (75’-85’) 
Al mg/L 11.83 12.03 140.00 140.00 152.00 152.00 150.00 150.00 
As mg/L 11.83 12.03 140.00 140.00 152.00 152.00 150.00 150.00 
B mg/L 11.83 12.03 140.00 140.00 152.00 152.00 150.00 150.00 
Ba mg/L 11.83 12.03 140.00 140.00 152.00 152.00 150.00 150.00 
Ca mg/L 11.83 12.03 140.00 140.00 152.00 152.00 150.00 150.00 
Cd mg/L 11.83 12.03 140.00 140.00 152.00 152.00 150.00 150.00 
Co mg/L 11.83 12.03 140.00 140.00 152.00 152.00 150.00 150.00 




Sample ID Contaminant  Units 
Mass of soil 
Volume of water per rinse 
Extraction 1 Extraction 2 Extraction 3 
Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 
Cu mg/L 11.83 12.03 140.00 140.00 152.00 152.00 150.00 150.00 
Fe mg/L 11.83 12.03 140.00 140.00 152.00 152.00 150.00 150.00 
K mg/L 11.83 12.03 140.00 140.00 152.00 152.00 150.00 150.00 
Mg mg/L 11.83 12.03 140.00 140.00 152.00 152.00 150.00 150.00 
Mn mg/L 11.83 12.03 140.00 140.00 152.00 152.00 150.00 150.00 
Mo mg/L 11.83 12.03 140.00 140.00 152.00 152.00 150.00 150.00 
Na mg/L 11.83 12.03 140.00 140.00 152.00 152.00 150.00 150.00 
Ni mg/L 11.83 12.03 140.00 140.00 152.00 152.00 150.00 150.00 
P mg/L 11.83 12.03 140.00 140.00 152.00 152.00 150.00 150.00 




Sample ID Contaminant  Units 
Mass of soil 
Volume of water per rinse 
Extraction 1 Extraction 2 Extraction 3 
Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 
S mg/L 11.83 12.03 140.00 140.00 152.00 152.00 150.00 150.00 
Se mg/L 11.83 12.03 140.00 140.00 152.00 152.00 150.00 150.00 
Si mg/L 11.83 12.03 140.00 140.00 152.00 152.00 150.00 150.00 
Sr mg/L 11.83 12.03 140.00 140.00 152.00 152.00 150.00 150.00 
Zn mg/L 11.83 12.03 140.00 140.00 152.00 152.00 150.00 150.00 
Column D (75’-85’) 
Al mg/L 12.69 12.55 140.00 140.00 154.00 150.00 150.00 149.00 
As mg/L 12.69 12.55 140.00 140.00 154.00 150.00 150.00 149.00 
B mg/L 12.69 12.55 140.00 140.00 154.00 150.00 150.00 149.00 
Ba mg/L 12.69 12.55 140.00 140.00 154.00 150.00 150.00 149.00 




Sample ID Contaminant  Units 
Mass of soil 
Volume of water per rinse 
Extraction 1 Extraction 2 Extraction 3 
Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 
Cd mg/L 12.69 12.55 140.00 140.00 154.00 150.00 150.00 149.00 
Co mg/L 12.69 12.55 140.00 140.00 154.00 150.00 150.00 149.00 
Cr mg/L 12.69 12.55 140.00 140.00 154.00 150.00 150.00 149.00 
Cu mg/L 12.69 12.55 140.00 140.00 154.00 150.00 150.00 149.00 
Fe mg/L 12.69 12.55 140.00 140.00 154.00 150.00 150.00 149.00 
K mg/L 12.69 12.55 140.00 140.00 154.00 150.00 150.00 149.00 
Mg mg/L 12.69 12.55 140.00 140.00 154.00 150.00 150.00 149.00 
Mn mg/L 12.69 12.55 140.00 140.00 154.00 150.00 150.00 149.00 
Mo mg/L 12.69 12.55 140.00 140.00 154.00 150.00 150.00 149.00 




Sample ID Contaminant  Units 
Mass of soil 
Volume of water per rinse 
Extraction 1 Extraction 2 Extraction 3 
Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 
Ni mg/L 12.69 12.55 140.00 140.00 154.00 150.00 150.00 149.00 
P mg/L 12.69 12.55 140.00 140.00 154.00 150.00 150.00 149.00 
Pb mg/L 12.69 12.55 140.00 140.00 154.00 150.00 150.00 149.00 
S mg/L 12.69 12.55 140.00 140.00 154.00 150.00 150.00 149.00 
Se mg/L 12.69 12.55 140.00 140.00 154.00 150.00 150.00 149.00 
Si mg/L 12.69 12.55 140.00 140.00 154.00 150.00 150.00 149.00 
Sr mg/L 12.69 12.55 140.00 140.00 154.00 150.00 150.00 149.00 







Sample ID Contaminant Units 
Concentration mg/L 
Extraction 1 Extraction 2 Extraction 3 
Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 
Column A 
Al mg/L  0.046  0.12  3.29    3.63   
As mg/L  0.002  0.01  0.00   < 0.001   
B mg/L  0.153  0.18  0.12    0.09   
Ba mg/L  0.005  0.07  0.01    0.10   
Ca mg/L  8.978  9.87  3.18    2.00   
Cd mg/L < 0.001 < 0.001 < 0.001   < 0.001   
Co mg/L < 0.001 < 0.001 < 0.001   < 0.001   
Cr mg/L  0.254  0.46  0.41    0.46   
Cu mg/L  0.370  0.02  0.03    0.03   




Sample ID Contaminant Units 
Concentration mg/L 
Extraction 1 Extraction 2 Extraction 3 
Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 
K mg/L  9.507  10.01  2.698    1.62   
Mg mg/L  4.326  4.96  8.324    9.13   
Mn mg/L  0.025  0.033  0.0348    0.03   
Mo mg/L  0.008  0.02  0.0038    0.00   
Na mg/L  357.100  392.50  97.55    33.74   
Ni mg/L  0.003  0.004  0.0042    0.003   
P mg/L  3.794  6.32  2.683    2.22   
Pb mg/L < 0.001  0.004  0.0075    0.007   
S mg/L  28.400  33.19  7.911    3.31   
Se mg/L < 0.025 < 0.025 < 0.025   < 0.025   




Sample ID Contaminant Units 
Concentration mg/L 
Extraction 1 Extraction 2 Extraction 3 
Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 
Sr mg/L  0.215  0.262  0.0484    0.048   
Zn mg/L  0.628  0.08  0.1495    0.15   
Column B 
Al mg/L  0.039  0.09  6.67  8.96  9.19  1.01 
As mg/L  0.004  0.003  0.003  0.004  0.003 < 0.001 
B mg/L  0.188  0.19  0.11  0.09  0.05  0.09 
Ba mg/L  0.006  0.10  0.01  0.09  0.06  0.08 
Ca mg/L  10.720  10.08  2.92  2.62  2.59  0.87 
Cd mg/L < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
Co mg/L < 0.001 < 0.001  0.002  0.003  0.002 < 0.001 




Sample ID Contaminant Units 
Concentration mg/L 
Extraction 1 Extraction 2 Extraction 3 
Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 
Cu mg/L  0.188  0.01  0.04  0.01  0.02  0.01 
Fe mg/L  0.053  0.10  3.26  4.47  4.50  0.51 
K mg/L  10.970  10.70  2.65  2.94  1.94  1.23 
Mg mg/L  5.311  5.05  15.64  21.42  21.77  2.56 
Mn mg/L  0.018  0.03  0.09  0.14  0.13  0.01 
Mo mg/L  0.006  0.005  0.002  0.002 < 0.001  0.002 
Na mg/L  433.500  409.70  82.60  59.27  30.74  29.13 
Ni mg/L  0.022  0.03  0.02  0.02  0.02  0.005 
P mg/L  4.689  6.15  2.65  2.17  2.43  1.06 




Sample ID Contaminant Units 
Concentration mg/L 
Extraction 1 Extraction 2 Extraction 3 
Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 
S mg/L  35.300  34.49  5.55  4.91  2.30  2.12 
Se mg/L < 0.025 < 0.025 < 0.025 < 0.025 < 0.025 < 0.025 
Si mg/L  11.820  17.91  83.31  110.10  110.70  14.98 
Sr mg/L  0.269  0.27  0.05  0.07  0.07  0.01 
Zn mg/L  0.479  0.05  0.18  0.18  0.18  0.06 
Column C 
Al mg/L  0.003 < 0.001  1.90    8.91   
As mg/L  0.001 < 0.001  0.01    0.02   
B mg/L  0.165  0.17  0.13    0.06   
Ba mg/L  0.010  0.10  0.06    0.08   




Sample ID Contaminant Units 
Concentration mg/L 
Extraction 1 Extraction 2 Extraction 3 
Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 
Cd mg/L < 0.001 < 0.001 < 0.001   < 0.001   
Co mg/L < 0.001 < 0.001 < 0.001    0.002   
Cr mg/L  0.111  0.106  0.099    0.428   
Cu mg/L  0.057  0.02  0.01    0.02   
Fe mg/L  0.061  0.05  1.41    6.77   
K mg/L  10.14  10.53  2.48    2.35   
Mg mg/L  14.29  16.02  6.14    24.69   
Mn mg/L  0.030  0.03  0.02    0.08   
Mo mg/L  0.013  0.02  0.00    0.00   




Sample ID Contaminant Units 
Concentration mg/L 
Extraction 1 Extraction 2 Extraction 3 
Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 
Ni mg/L  0.006  0.011  0.006    0.013   
P mg/L  0.423  0.54  1.00    2.13   
Pb mg/L  0.002  0.003  0.005    0.02   
S mg/L  45.810  50.98  7.07    2.94   
Se mg/L < 0.025 < 0.025 < 0.025   < 0.025   
Si mg/L  9.804  17.18  31.95    116.50   
Sr mg/L  0.793  0.92  0.04    0.08   
Zn mg/L  0.220  0.05  0.06    0.09   
Column D 
Al mg/L  0.05  0.02  1.11  13.94  9.02  12.73 




Sample ID Contaminant Units 
Concentration mg/L 
Extraction 1 Extraction 2 Extraction 3 
Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 
B mg/L  0.16  0.16  0.11  0.05  0.04  0.06 
Ba mg/L  0.01  0.04  0.06  0.05  0.05  0.05 
Ca mg/L  34.39  39.27  3.67  5.17  3.20  4.23 
Cd mg/L < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
Co mg/L < 0.001 < 0.001 < 0.001  0.005  0.003  0.00 
Cr mg/L  0.15  0.22  0.07  0.55  0.43  0.55 
Cu mg/L  0.02  0.01  0.01  0.02  0.02  0.02 
Fe mg/L  0.18  0.21  0.80  10.43  6.94  9.73 
K mg/L  10.29  11.03  2.95  3.75  2.29  2.68 




Sample ID Contaminant Units 
Concentration mg/L 
Extraction 1 Extraction 2 Extraction 3 
Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 
Mn mg/L  0.02  0.11  0.01  0.16  0.08  0.12 
Mo mg/L  0.016  0.021  0.007  0.004  0.005  0.003 
Na mg/L  340.90  349.70  81.71  53.23  25.19  25.07 
Ni mg/L  0.006  0.007  0.003  0.016  0.009  0.013 
P mg/L  0.55  0.91  0.86  2.03  2.09  2.23 
Pb mg/L  0.002 < 0.001  0.004  0.030  0.023  0.030 
S mg/L  52.49  58.54  10.45  7.49  3.23  3.19 
Se mg/L < 0.025 < 0.025 < 0.025 < 0.025 < 0.025 < 0.025 
Si mg/L  9.84  17.67  22.03  186.10  120.50  166.20 




Sample ID Contaminant Units 
Concentration mg/L 
Extraction 1 Extraction 2 Extraction 3 
Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 






Sample ID Contaminant 
Extraction per Dry Soil Basis (mg of contaminant/ g of dry soil) Extraction per Dry Soil Basis 
Extraction 1 Extraction 2 Extraction 3 mg of contaminant/ g of dry soil 
Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 Extraction 1 Extraction 2 Extraction 3 
Column A (95’-105’) 
Al 0.0006 0.0013 0.0442  0.0476  0.0010 0.0442 0.0476 
As 0.0000 0.0001 0.0000  0.0000  0.0000 0.0000 0.0000 
B 0.0019 0.0021 0.0016  0.0012  0.0020 0.0016 0.0012 
Ba 0.0001 0.0008 0.0001  0.0014  0.0004 0.0001 0.0014 
Ca 0.1115 0.1137 0.0428  0.0262  0.1126 0.0428 0.0262 
Cd 0.0000 0.0000 0.0000  0.0000  0.0000 0.0000 0.0000 
Co 0.0000 0.0000 0.0000  0.0000  0.0000 0.0000 0.0000 
Cr 0.0032 0.0053 0.0056  0.0060  0.0042 0.0056 0.0060 
Cu 0.0046 0.0002 0.0004  0.0005  0.0024 0.0004 0.0005 




K 0.1180 0.1153 0.0363  0.0212  0.1167 0.0363 0.0212 
Mg 0.0537 0.0571 0.1120  0.1196  0.0554 0.1120 0.1196 
Mn 0.0003 0.0004 0.0005  0.0004  0.0003 0.0005 0.0004 
Mo 0.0001 0.0002 0.0001  0.0000  0.0002 0.0001 0.0000 
Na 4.4340 4.5212 1.3122  0.4422  4.4776 1.3122 0.4422 
Ni 0.0000 0.0000 0.0001  0.0000  0.0000 0.0001 0.0000 
P 0.0471 0.0728 0.0361  0.0291  0.0600 0.0361 0.0291 
Pb 0.0000 0.0000 0.0001  0.0001  0.0000 0.0001 0.0001 
S 0.3526 0.3823 0.1064  0.0434  0.3675 0.1064 0.0434 
Se 0.0003 0.0003 0.0003  0.0003  0.0003 0.0003 0.0003 
Si 0.1040 0.1929 0.5841  0.6067  0.1485 0.5841 0.6067 
Sr 0.0027 0.0030 0.0007  0.0006  0.0028 0.0007 0.0006 
Zn 0.0078 0.0009 0.0020  0.0020  0.0043 0.0020 0.0020 




As 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
B 0.0021 0.0022 0.0013 0.0011 0.0006 0.0011 0.0021 0.0012 0.0009 
Ba 0.0001 0.0011 0.0001 0.0011 0.0007 0.0009 0.0006 0.0006 0.0008 
Ca 0.1175 0.1167 0.0357 0.0325 0.0311 0.0108 0.1171 0.0341 0.0210 
Cd 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
Co 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
Cr 0.0037 0.0053 0.0069 0.0081 0.0092 0.0018 0.0045 0.0075 0.0055 
Cu 0.0021 0.0001 0.0005 0.0002 0.0002 0.0001 0.0011 0.0003 0.0002 
Fe 0.0006 0.0012 0.0399 0.0554 0.0540 0.0064 0.0009 0.0476 0.0302 
K 0.1202 0.1239 0.0324 0.0364 0.0233 0.0152 0.1220 0.0344 0.0192 
Mg 0.0582 0.0585 0.1913 0.2657 0.2611 0.0317 0.0584 0.2285 0.1464 
Mn 0.0002 0.0003 0.0011 0.0017 0.0015 0.0002 0.0003 0.0014 0.0009 




Na 4.7515 4.7425 1.0103 0.7351 0.3687 0.3613 4.7470 0.8727 0.3650 
Ni 0.0002 0.0003 0.0002 0.0002 0.0002 0.0001 0.0003 0.0002 0.0001 
P 0.0514 0.0711 0.0324 0.0269 0.0291 0.0131 0.0613 0.0296 0.0211 
Pb 0.0000 0.0001 0.0002 0.0002 0.0002 0.0001 0.0001 0.0002 0.0001 
S 0.3869 0.3992 0.0679 0.0609 0.0275 0.0263 0.3931 0.0644 0.0269 
Se 0.0003 0.0003 0.0003 0.0003 0.0003 0.0003 0.0003 0.0003 0.0003 
Si 0.1296 0.2073 1.0190 1.3655 1.3277 0.1858 0.1684 1.1923 0.7567 
Sr 0.0029 0.0031 0.0007 0.0008 0.0008 0.0002 0.0030 0.0008 0.0005 
Zn 0.0053 0.0006 0.0022 0.0022 0.0021 0.0007 0.0029 0.0022 0.0014 
Column C (75’-85) 
Al 0.00003 0.00001 0.0244  0.1130  0.0000 0.0244 0.1130 
As 0.00001 0.00001 0.0001  0.0002  0.0000 0.0001 0.0002 
B 0.00195 0.00193 0.0017  0.0008  0.0019 0.0017 0.0008 




Ca 0.35805 0.40939 0.0416  0.0385  0.3837 0.0416 0.0385 
Cd 0.00001 0.00001 0.0000  0.0000  0.0000 0.0000 0.0000 
Co 0.00001 0.00001 0.0000  0.0000  0.0000 0.0000 0.0000 
Cr 0.00131 0.00124 0.0013  0.0054  0.0013 0.0013 0.0054 
Cu 0.00067 0.00020 0.0002  0.0002  0.0004 0.0002 0.0002 
Fe 0.00072 0.00063 0.0181  0.0858  0.0007 0.0181 0.0858 
K 0.12002 0.12257 0.0319  0.0298  0.1213 0.0319 0.0298 
Mg 0.16914 0.18648 0.0789  0.3131  0.1778 0.0789 0.3131 
Mn 0.00036 0.00035 0.0002  0.0010  0.0004 0.0002 0.0010 
Mo 0.00016 0.00020 0.0001  0.0000  0.0002 0.0001 0.0000 
Na 3.94857 3.91347 0.9643  0.3274  3.9310 0.9643 0.3274 
Ni 0.00007 0.00013 0.0001  0.0002  0.0001 0.0001 0.0002 




Pb 0.00002 0.00004 0.0001  0.0003  0.0000 0.0001 0.0003 
S 0.54222 0.59342 0.0909  0.0372  0.5678 0.0909 0.0372 
Se 0.00030 0.00029 0.0003  0.0003  0.0003 0.0003 0.0003 
Si 0.11604 0.19998 0.4106  1.4774  0.1580 0.4106 1.4774 
Sr 0.00939 0.01069 0.0006  0.0011  0.0100 0.0006 0.0011 
Zn 0.00261 0.00057 0.0007  0.0011  0.0016 0.0007 0.0011 
Column D (75’-85’) 
Al 0.0005 0.0003 0.0135 0.1666 0.1066 0.1511 0.0004 0.0901 0.1289 
As 0.0000 0.0000 0.0001 0.0002 0.0002 0.0002 0.0000 0.0002 0.0002 
B 0.0018 0.0018 0.0013 0.0006 0.0005 0.0007 0.0018 0.0010 0.0006 
Ba 0.0001 0.0005 0.0007 0.0006 0.0006 0.0006 0.0003 0.0006 0.0006 
Ca 0.3793 0.4380 0.0445 0.0618 0.0378 0.0502 0.4087 0.0531 0.0440 
Cd 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 




Cr 0.0017 0.0025 0.0009 0.0066 0.0051 0.0065 0.0021 0.0037 0.0058 
Cu 0.0003 0.0001 0.0001 0.0002 0.0003 0.0002 0.0002 0.0002 0.0002 
Fe 0.0019 0.0023 0.0097 0.1246 0.0821 0.1155 0.0021 0.0672 0.0988 
K 0.1135 0.1230 0.0358 0.0449 0.0271 0.0318 0.1183 0.0403 0.0294 
Mg 0.1790 0.1978 0.0541 0.4771 0.2976 0.4174 0.1884 0.2656 0.3575 
Mn 0.0003 0.0013 0.0001 0.0019 0.0010 0.0015 0.0008 0.0010 0.0012 
Mo 0.0002 0.0002 0.0001 0.0000 0.0001 0.0000 0.0002 0.0001 0.0000 
Na 3.7601 3.9005 0.9914 0.6361 0.2977 0.2976 3.8303 0.8137 0.2976 
Ni 0.0001 0.0001 0.0000 0.0002 0.0001 0.0002 0.0001 0.0001 0.0001 
P 0.0061 0.0101 0.0105 0.0243 0.0247 0.0265 0.0081 0.0174 0.0256 
Pb 0.0000 0.0000 0.0000 0.0004 0.0003 0.0004 0.0000 0.0002 0.0003 
S 0.5790 0.6529 0.1268 0.0895 0.0382 0.0378 0.6159 0.1082 0.0380 




Si 0.1086 0.1971 0.2673 2.2240 1.4240 1.9729 0.1528 1.2456 1.6985 
Sr 0.0098 0.0111 0.0008 0.0017 0.0010 0.0014 0.0104 0.0012 0.0012 
Zn 0.0012 0.0007 0.0005 0.0010 0.0008 0.0009 0.0009 0.0008 0.0009 
 
 
Sample ID Contaminant 
Total Extraction per Dry Soil Basis Moisture content (wet basis) Moisture content (dry basis) 
mg of contaminant/ g of dry soil percent (%) percent (%) 
Result Result Result 
Column A (95’-105’) 
Al 0.093 21.585 27.528 
As 0.00010 21.585 27.528 
B 0.005 21.585 27.528 
Ba 0.0019 21.585 27.528 
Ca 0.182 21.585 27.528 




Sample ID Contaminant 
Total Extraction per Dry Soil Basis Moisture content (wet basis) Moisture content (dry basis) 
mg of contaminant/ g of dry soil percent (%) percent (%) 
Result Result Result 
Co 0.00004 21.585 27.528 
Cr 0.016 21.585 27.528 
Cu 0.003 21.585 27.528 
Fe 0.047 21.585 27.528 
K 0.174 21.585 27.528 
Mg 0.287 21.585 27.528 
Mn 0.0012 21.585 27.528 
Mo 0.0003 21.585 27.528 
Na 6.232 21.585 27.528 
Ni 0.00014 21.585 27.528 




Sample ID Contaminant 
Total Extraction per Dry Soil Basis Moisture content (wet basis) Moisture content (dry basis) 
mg of contaminant/ g of dry soil percent (%) percent (%) 
Result Result Result 
Pb 0.0002 21.585 27.528 
S 0.517 21.585 27.528 
Se 0.0010 21.585 27.528 
Si 1.339 21.585 27.528 
Sr 0.004 21.585 27.528 
Zn 0.008 21.585 27.528 
Column B (95’-105’) 
Al 0.158 21.678 27.678 
As 0.00010 21.678 27.678 
B 0.004 21.678 27.678 




Sample ID Contaminant 
Total Extraction per Dry Soil Basis Moisture content (wet basis) Moisture content (dry basis) 
mg of contaminant/ g of dry soil percent (%) percent (%) 
Result Result Result 
Ca 0.172 21.678 27.678 
Cd 0.00004 21.678 27.678 
Co 0.00006 21.678 27.678 
Cr 0.018 21.678 27.678 
Cu 0.002 21.678 27.678 
Fe 0.079 21.678 27.678 
K 0.176 21.678 27.678 
Mg 0.433 21.678 27.678 
Mn 0.002 21.678 27.678 




Sample ID Contaminant 
Total Extraction per Dry Soil Basis Moisture content (wet basis) Moisture content (dry basis) 
mg of contaminant/ g of dry soil percent (%) percent (%) 
Result Result Result 
Na 5.985 21.678 27.678 
Ni 0.001 21.678 27.678 
P 0.112 21.678 27.678 
Pb 0.000 21.678 27.678 
S 0.484 21.678 27.678 
Se 0.001 21.678 27.678 
Si 2.117 21.678 27.678 
Sr 0.004 21.678 27.678 
Zn 0.007 21.678 27.678 




Sample ID Contaminant 
Total Extraction per Dry Soil Basis Moisture content (wet basis) Moisture content (dry basis) 
mg of contaminant/ g of dry soil percent (%) percent (%) 
Result Result Result 
As 0.0004 22.538 29.096 
B 0.004 22.538 29.096 
Ba 0.002 22.538 29.096 
Ca 0.464 22.538 29.096 
Cd 0.00004 22.538 29.096 
Co 0.00005 22.538 29.096 
Cr 0.008 22.538 29.096 
Cu 0.0008 22.538 29.096 
Fe 0.105 22.538 29.096 




Sample ID Contaminant 
Total Extraction per Dry Soil Basis Moisture content (wet basis) Moisture content (dry basis) 
mg of contaminant/ g of dry soil percent (%) percent (%) 
Result Result Result 
Mg 0.570 22.538 29.096 
Mn 0.0016 22.538 29.096 
Mo 0.0003 22.538 29.096 
Na 5.223 22.538 29.096 
Ni 0.0003 22.538 29.096 
P 0.045 22.538 29.096 
Pb 0.0004 22.538 29.096 
S 0.696 22.538 29.096 
Se 0.0009 22.538 29.096 




Sample ID Contaminant 
Total Extraction per Dry Soil Basis Moisture content (wet basis) Moisture content (dry basis) 
mg of contaminant/ g of dry soil percent (%) percent (%) 
Result Result Result 
Sr 0.012 22.538 29.096 
Zn 0.003 22.538 29.096 
Column D (75’-85’) 
Al 0.219 19.006 23.689 
As 0.0004 19.006 23.689 
B 0.003 19.006 23.689 
Ba 0.0015 19.006 23.689 
Ca 0.506 19.006 23.689 
Cd 0.00003 19.006 23.689 
Co 0.00009 19.006 23.689 




Sample ID Contaminant 
Total Extraction per Dry Soil Basis Moisture content (wet basis) Moisture content (dry basis) 
mg of contaminant/ g of dry soil percent (%) percent (%) 
Result Result Result 
Cu 0.0006 19.006 23.689 
Fe 0.168 19.006 23.689 
K 0.188 19.006 23.689 
Mg 0.811 19.006 23.689 
Mn 0.003 19.006 23.689 
Mo 0.0003 19.006 23.689 
Na 4.942 19.006 23.689 
Ni 0.0003 19.006 23.689 
P 0.051 19.006 23.689 




Sample ID Contaminant 
Total Extraction per Dry Soil Basis Moisture content (wet basis) Moisture content (dry basis) 
mg of contaminant/ g of dry soil percent (%) percent (%) 
Result Result Result 
S 0.762 19.006 23.689 
Se 0.0009 19.006 23.689 
Si 3.097 19.006 23.689 
Sr 0.013 19.006 23.689 
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